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ABSTRACT 
 
 Group-IV semiconductor alloys are of interest for Si-integrated optoelectronic 
applications due to the band gap tunability and enhanced optical capabilities that can be 
achieved through compositional tuning. This work advances the field by presenting a 
systematic study of the optical and electronic properties of Ge1-ySny and analogous Ge1-x-
ySixSny alloys.  
 The fundamental direct and indirect band gaps of Ge1-ySny materials are measured 
by room temperature photoluminescence in samples containing 0 ≤ y ≤ 0.11 and a 
transition to direct gap materials is found to occur at yc = 0.087. This result is enabled by 
the development of sample growth and processing protocols that produce high-quality 
materials epitaxially on Ge-buffered Si(100) substrates. Strategies to optimize the optical 
performance are explored by varying the film thickness, thermal and surface treatments, 
and n-type doping. The electrical and optical properties of diodes based on these 
materials are characterized by current-voltage, optical responsivity, and 
electroluminescence measurements. These show improved optical performance near yc 
with tunable emission out to 2500 nm. Measuring the carrier lifetimes in devices with 
strain relaxed and fully strained interfaces show significantly longer lifetimes in the fully 
strained case. 
 The direct and indirect band gaps of Sn-rich (y > x) Ge1-x-ySixSny materials are 
measured by room temperature photoluminescence on optimized samples. These data 
confirm a transition to direct gap materials occurs for the ternary alloy as well. Devices 
based on compositions 0.02 ≤ x ≤ 0.10 and 0.03 ≤ y ≤ 0.11 are characterized by current-
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voltage, optical responsivity, and electroluminescence measurements and show 
competitive performance with analogous devices based on Ge1-ySny materials. A detailed 
study of the direct gap in Ge1-xSix alloys gives parameters crucial en route to a global 
description of the Ge1-x-ySixSny fundamental band gaps. 
 Archetypal laser device designs on Si are explored by fabricating degenerate pn 
junction diodes and highly doped waveguide devices based on high-quality Ge1-ySny 
materials. The diodes showed tunnel-like current-voltage characteristics and tailored 
electroluminescence based on the doping profile. The waveguides demonstrate emission 
under optical stimulation. 
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I. INTRODUCTION, BACKGROUND, AND MOTIVATION FOR GE-
BASED GROUP-IV ALLOYS 
A. Introduction 
Semiconductors play a vital role in modern civilization. Without them there 
would be no computers, cell phones, or high-definition TVs. The internet, which all of 
these modern marvels use to communicate vast quantities of data containing emails, 
webpages, and personal navigation, would not possess its high-speed capabilities without 
the light-emitting semiconductors that drive all telecommunications. Despite these great 
achievements owed to the development of semiconductor technology, our current 
infrastructure is struggling to keep pace with the demand for even faster communication 
systems, greater data storing, and more powerful computation capabilities. An elegant 
solution to many of these problems is to integrate new semiconductor materials with 
conventional Si-based platforms, in hope that the extended capabilities of these new 
semiconductors can be rapidly utilized without major and costly disruptions to the 
existing fabrication infrastructure.  
Novel photonic materials such as Ge1-ySny and Ge1-x-ySixSny have been shown to 
exhibit qualities that make them attractive candidates to meet these modern demands. By 
alloying Si-Ge materials with Sn they become direct gap semiconductors that efficiently 
emit and absorb light. This is advantageous because these materials exclusively contain 
group-IV, elements making them compatible with industry-standard Si substrates. This 
provides the opportunity to realize optical-based logic and communication components 
on a chip as well as improve the efficiencies of next generation solar cells.  
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This dissertation presents a set of parallel studies on the electrical and optical 
properties of Ge1-ySny and Sn-rich (y > x) Ge1-x-ySixSny materials and devices integrated 
with Si(100) substrates. Photoluminescence (PL), electroluminescence (EL), and spectral 
responsivity measurements are used to investigate the optical properties of both material 
systems. Applying physically motivated lineshape models to the PL and EL spectra yield 
the fundamental direct (E0) and indirect (Eind) band gaps across the composition space. 
The results of these experiments are correlated with the sample materials properties to 
elucidate the relationships between sample composition, microstructure, and optical 
performance. The knowledge gained from the materials/performance relationships 
ultimately provide the basis for the development of prototype group-IV laser devices on 
Si.  
The first chapter of this dissertation will introduce Ge as a photonic material by 
briefly detailing its history, technologically advantageous properties, and its limitations. 
This chapter will then proceed to and introduce Ge1-ySny and Ge1-x-ySixSny alloys and 
discuss how these offer solutions to the limitations inherent to Ge by expanding its 
capabilities via compositional tuning with Si and Sn. Chapter II will discuss the optical 
and electronic properties of Ge1-ySny materials and devices. PL studies of these materials 
examine the optical properties of intrinsic, doped, and processed samples, while the EL 
portion will focus on the optical performance of pin light emitting diodes (LEDs) based 
on these materials as a function of composition and microstructure. Chapter III will 
discuss the optical and electronic properties of Sn-rich (y > x) Ge1-x-ySixSny materials and 
devices. The first portion covers a PL study of the materials that demonstrates the ternary 
alloy reproduces optical properties analogous to the binary Ge1-ySny materials. Next, the 
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optical performance of LEDs fabricated from Sn-rich Ge1-x-ySixSny materials are 
investigated by EL experiments. At this point the chapter digresses into a PL study of Ge-
rich Ge1-xSix materials. The results of this PL study are incorporated with the PL and EL 
results of the Ge1-x-ySixSny materials previously discussed to build a global model that 
describes the ternary fundamental band gaps. Chapter IV will discuss progress made 
towards a direct gap group-IV laser on Si through the development of light-emitting 
waveguides and LEDs built from degenerate pn junctions. Chapter V will conclude the 
work with a summary of the dissertation and a proposal of future work to be done in 
order to build upon and advance the work presented. 
B. Background and Motivation for Ge as a Technological Material 
1. History 
Ge was predicted by Dmitri Mendeleev in 1869,1 and isolated for the first time by 
Clemens Winkler in 1886 from the mineral argyrodite.2 With the advent of quantum 
mechanics and the classification of material crystal structures in the first quarter of the 
twentieth century, Felix Bloch in 1928 developed the fundamental theory that showed the 
energy states of electrons in a periodic potential, such as that in a crystal lattice, can be 
treated as a continuous band that depend on the reciprocal lattice wave-vector k.3 This 
preliminary development was used to describe the conduction properties of metals. The 
early theoretical work by Bloch and others opened the door to the notion that many 
materials previously thought to be poorly conducting metals, such as Si and Ge, may 
have a range of energy levels with no available electronic states in the dispersion bands 
En(k). This would create a gap between the set of bonding (insulating) electron states and 
the set of free (conducting) electron states. In order for a material with this kind of 
 4 
electronic structure to carry an electrical current the insulating electrons must acquire 
enough energy to cross the gap to access the conducting states.4   
At the onset of World War II, British scientists and engineers were developing 
and implementing radar detection devices by exploiting the rectifying current-voltage (I-
V) properties produced between Si and metals.5 When the United States entered the 
conflict in 1940, the National Defense Research Committee (NDRC) founded Radiation 
Laboratories (Rad Labs) with MIT. Research contracts were made between Rad Labs and 
the universities of Pennsylvania and Purdue to conduct research on Si and Ge-based radar 
detectors, respectively.5 The results of the research conducted by the Purdue team were 
presented to the NDRC.6 Among their achievements was the development of Ge 
purification from commercially available oxides, the ability to dope the material both n 
and p-type, and the demonstration of photo-electronic effects.5  
In 1944, in view of the success demonstrated by the Purdue team, the 
manufacturing of Ge devices was passed along to Bell Labs and Western Electric for 
mass production.5 By 1947, Walter Brattain and John Bardeen of Bell Labs produced the 
first solid-state device capable of signal amplification, the first transistor, by placing a set 
of three Au point contacts on a block of n-type Ge.7 Up until this point, only vacuum tube 
triodes had this capability and these suffered from parasitic performance issues at the 
high frequencies required for radar and radio applications.5  
Over the next few years much fundamental research was conducted to better 
understand the electronic and carrier transport properties of Ge. Major breakthroughs 
included the initial determination of the electronic band structure around 1953,8,9 
measurement of the Ge carrier mobilities10 and lifetimes,11 and the understanding of 
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electron and hole generation and recombination processes.12,13 As these developments in 
solid state physics proceeded, William Shockley promoted the idea of creating bipolar 
junction transistors to circumvent the instability of the initial point-contact devices. These 
would consist of semiconductor layer sandwiches with a sequence of pnp and npn layers. 
Researchers at Bell Labs developed a process to obtain single-crystal Ge by 1950,14 and 
within the following year demonstrated rectifying Ge pn junctions15 on the way to 
fulfilling Shockley’s vision of pnp and npn transistors by the end of 1951.16 Finally in 
1958, Jack Kilby made the first integrated circuit incorporating a bipolar transistor with 
resistors and capacitors all made from the same piece of Ge.17  
While the researchers at Bell Labs were developing the solid-state diodes and 
transistors so fundamental to modern day electronics using Ge, the academic researchers 
at Purdue and other institutions continued their investigations on Ge after the war by 
studying its intriguing optical properties that had been initially reported to the NDRC.6 In 
1947 Seymour Benzer studied the photocurrent produced as a function of light intensity 
on Ge point-contact devices.18 A few years later as the device technology of Ge matured 
to bulk junction devices, the spectral dependence of the photocurrent produced in Ge pn 
junctions was reported.19 Based on these results, the fundamental theories describing the 
photon-semiconductor interactions of absorption and emission that are required to 
understand the operation of solar cells, light emitting diodes, and solid-state lasers, were 
developed.20,21  
In 1959, Fairchild Semiconductor developed the first Si planar processing 
technology that eventually precipitated the end of germanium’s domination of the 
microelectronics industry. Jean Hoerni made the first Si transistors that utilized the native 
 6 
oxide as a protective and insulating barrier between the individual components in the 
circuit.22 Si planar processing utilized SiO2 to mask the device features which was 
advantageous over then current Ge processing because, unlike GeO2, SiO2 is stable under 
ambient conditions and the semiconductor/oxide interface is electrically passivated due to 
the high insulating properties of SiO2.  
2. Electrical and Optical Properties of Ge 
Bulk, relaxed Ge has a diamond cubic crystal lattice structure which consists of a 
face-centered cubic unit cell with half of the tetrahedral sites occupied as described by the 
famous diamond glide plane. Figure 1 plots the electronic band structure of Ge in the 
panel on the left and the density of states in the panel on the right.23 There are several 
Figure 1: (Left) Energy vs wave vector for relaxed, bulk Ge. (Right) Ge density of states. Reprinted, with 
permission, from C. S. Wang and B. M. Klein, Physical Review B, 24(6), pg. 3393 (1981) 
(http://dx.doi.org/10.1103/PhysRevB.24.3393). 
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striking features about the band structure of Ge. The absolute minimum of the conduction 
band occurs at the L-point, k = !![111], of the 1st Brillouin Zone (BZ), where a = 5.6580 
Å, the lattice constant of Ge.24 At room temperature, this valley is only ~140 meV below 
the local minimum at the Γ-point, k = 0, of the conduction band. The next local minimum 
of the conduction band in Ge occurs along the Δ-line near the X-point, k = !![100]. The 
minimum of this band is an additional ~70 meV above the Γ-point.25,26,27 The top edge of 
the valence band is located at the Γ-point, which implies Ge is an indirect gap 
semiconductor.28 There are 2 degenerate valence bands at the Γ-point, which are referred 
to as the heavy hole (HH) and light hole (LH) bands. A third nearby valence band is the 
split-off (SO) band, separated from the HH and LH bands by the spin-orbit splitting Δ0 = 
0.30 eV.29 These bands are named hole bands because the absence of electron from one 
of these bands behaves as a positively charged particle, or hole, with an effective mass 
inversely proportional to the curvature of the band. The effective mass of holes in the HH 
band is 0.347me and the mass of holes in the LH band are 0.042me, where me is the 
electron free mass.23,30 These effective masses and corresponding densities of states 
become important when considering the application of Ge to next-generation electronics 
in state-of-the-art transistors that utilize the high mobilities of electrons and holes in Ge.  
The fundamental optical properties of Ge can be understood in terms of the 
possible electron energy transitions between the conduction band valleys and the valence 
band maxima across various band gaps observed in the left panel of Figure 1. The gap 
between the conduction band L-point minimum and the valence band Γ-point maximum 
is the fundamental indirect gap (Eind) and the corresponding gap between the conduction 
band minimum and valence band maximum at the Γ-point is the direct gap (E0). In bulk 
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Ge near room temperature these gaps are 0.664 eV and 0.805 eV, respectively.31,32 In 
order for an electron to cross the Eind gap, both the energy and momentum of the particle 
must change, with both quantities being conserved in the process through combined 
interactions involving photon absorption/emission and phonon absorption/emission. 
Figure 2: Absorption coefficient of single crystal Ge at 300K and 77K. Reprinted, with permission, from 
W. C. Dash and R. Newman, Physical Review, 99(4), pg. 1151 (1955) 
(http://dx.doi.org/10.1103/PhysRev.99.1151). 
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However to cross the E0, gap only the energy of the electron changes, so these 
interactions require just the absorption/emission of a photon. This makes the transition 
across E0 at the Γ-point much more efficient for optical applications relative to transitions 
across Eind. As mentioned above, the lowest band gap in Ge is not the direct transition. 
This makes Ge much more inefficient at emitting light than many III-V semiconductors 
which do possess a direct fundamental band gap. Additionally, the density of states in the 
L-valley of the conduction band is much higher than in the Γ-valley,33 so even if Ge were 
to be made into a direct gap material, there would still exist significant inefficiencies 
because a vast majority of the carriers would populate the L-valley once quasi-thermal 
equilibrium in the conduction band is reached. 
Figure 2 plots the room temperature (300 K) and liquid nitrogen (77 K) 
absorption coefficient of Ge measured by transmission over an energy range straddling 
the fundamental Eind and E0 band gaps.34 The data taken at 300 K shows that the material 
begins to absorb light for photons with energy ~0.63 eV. The absorption is gradual and 
not very strong initially since the photoexcited electrons near the top of the valence band 
at the Γ-point must also change wave vector in order to populate the L-valley. It is worth 
noting that in recent years the consideration of excitonic effects on the absorption of Ge 
has been found to be significant in describing the band-edge absorption of Ge-like 
materials, even at room temperature.35 When light with energy nearly equal to E0 is 
incident on the sample, ~0.80 eV, the absorption increases by almost an order of 
magnitude as access to the unoccupied states in the Γ-valley become available. This 
demonstrates qualitatively the much higher efficiency of optical transitions across E0 
relative to Eind. The data also shows that the band gaps shift to higher energies as the 
 10 
material is cooled to lower temperatures due to thermal expansion/compression and the 
electron-phonon interaction.36 This phenomenon is well described by a mathematical 
expression proposed by Varshni in 1967.37 
Figure 3 plots the normalized 300 K PL spectra of bulk and thin film Ge 
specimens excited with a 980 nm laser, which enables carriers to populate all 3 valleys of 
the conduction band. The dashed line spectrum, representing bulk Ge, shows a dominant 
peak at ~0.68 eV due to emission from the indirect gap with a shoulder signal that peaks 
around ~0.78 eV from the direct gap. This can be understood as radiative recombination 
across the Eind and E0 gaps, respectively. In a typical semiconductor, PL is observed from 
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Figure 3: 300 K PL of bulk Ge (dashed line) and thin film Ge (solid line) showing the relative 
difference in emission between the direct and indirect gap signals. 
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the fundamental band gap, whether direct or indirect, because the relaxation time of 
electrons (holes) to the lowest (highest) energy conduction (valence) band states is much 
faster than the electron-hole recombination across the band gap. In the case of Ge, 
however, one observes a shoulder at higher energy that corresponds to recombination 
across the fundamental gap. Because the conduction band minima are so close, at room 
temperature some electrons will reside at the Γ-valley minimum, and they produce an 
observable signal because their recombination probability, not being phonon-assisted, is 
much higher. In fact, the direct gap signal would be much stronger were it not for the fact 
that photoexcited electron-hole pairs in Ge can travel for several microns without 
recombining, and when they do deep inside the sample, the direct-gap light can be 
reabsorbed by phonon-assisted processes associated with the lower indirect gap.  This is 
clearly demonstrated by studying the emission properties of submicron-thick Ge films, in 
which reabsorption is negligible and the emission is dominated by the E0 feature, as seen 
in the figure.38    
Based on the above electrical and optical properties Ge has the potential to extend 
the current capabilities of modern semiconductor technology. The higher carrier 
mobilities in Ge relative to Si offer an attractive alternative to Si-based transistors 
because these devices can be operated at higher frequencies. Traditionally, the 
performance of microchip processors has been expanded through miniaturization of the 
feature sizes. Current transistor technology has reduced the nodes to lengths smaller than 
15 nm, approaching the length scales where surface and quantum effects begin to 
dominate the performance.39 In devices this small, high-k dielectric materials have 
replaced traditional SiO2 insulation, negating the convenience of Si-based processing. 
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This opens the door to revisit Ge-based transistors. Combining Ge with novel high-k 
dielectrics offers the combined advantages of higher carrier mobilities and a lower band 
gap channel material at the reduced feature sizes. This would enable circuits to lower 
on/off voltage thresholds, decreasing power consumption while increasing operating 
frequencies.40 However the high cost of Ge substrates and the cost of revamping entire 
microprocessor production lines hinders the resurrection of a Ge-based semiconductor 
microelectronics industry. Additionally, Ge NFETs to date have not demonstrated 
superior performance relative to analogous Si devices due to an inability of conventional 
doping technologies to attain the required ultra high n-type densities in Ge.41   
Already commercially available Ge-based photovoltaic, or solar, cells have the 
highest conversion efficiency of light to electrical energy thanks to the small band gap 
and high absorption coefficient. The current state of the art architecture uses 
heterojunction stacks of Ge/In0.01Ga0.99As/In0.50Ga0.50N materials capable of achieving 
30% conversion efficiency.42,43 Again however, the cost of Ge substrates, stemming from 
the low natural abundance of the element, represents more than half the manufacturing 
expense of these devices. This limits their applicability to niche markets, meaning bulk 
Ge does not represent a solution to a global mandate for universal renewable energy.  
Ge also has the potential to be used as a detector, modulator, and light source 
material in optoelectronic communication systems since its operational wavelengths fall 
within the range of interest for telecommunications (1300-1700 nm).44 However the 
indirect nature of the electronic bandstructure means that for wavelengths longer than E0, 
~1550 nm, Ge is not very optically efficient. At the moment direct gap III-V materials 
such as GaAs and InGaAs alloys are standard for this application, since these materials 
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are the most efficient known at these wavelengths.45 However, the dream of 
telecommunications on a chip requires the epitaxy and fabrication of components on a Si 
wafer,46 and there are several issues with growing polar III-V materials on non-polar 
group-IV substrates. These issues include a significant lattice and thermal mismatch with 
the Si substrate, and the formation of antiphase domains caused by the polar/non-polar 
interface.47,48,49 All of these problems contribute to the production of a high density of 
threading dislocations in the device active layer, which inhibits light emission.50 
Advances have been made by growing thin film quantum well/quantum dot laser 
structures consisting of InAs, GaAs, AlGaAs, and III-V nanopillars directly on Si using 
AlSb buffer layers, which has been found to reduce the typical defects associated with 
III-V growth on Si.51 However the growth, processing, and implementation of these 
structures is highly complex and may not be CMOS compatible.52,53 
One option to revolutionize the telecommunications industry would be to produce 
group-IV light sources on Si substrates, such as lasers and LEDs, that are capable of 
operating effectively in the same wavelength regime as the current state of the art 
technology based on III-V materials.54 However, as mentioned above, bulk Ge does not 
appear to be a practical candidate suited for this purpose. On the other hand, the epitaxy 
of Ge on Si offers some intriguing possibilities to not only reduce the cost of integrating 
Ge technologies with standard platforms, but also offers solutions to a few of the 
limitations of bulk Ge.  
3. Epitaxy of Ge for Applications 
As mentioned above, the high cost of Ge wafers limits the possible applications 
for Ge-based technologies to epitaxially grown thin films of the material on suitable 
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substrates. To integrate Ge technologies with standard platforms requires epitaxy on Si. 
However there is a 4.2% lattice mismatch between Ge and Si,55 which means that any Ge 
films grown on Si will suffer from a high density of defects if grown beyond a certain 
critical thickness for layer-by-layer growth, which is only ~1.0 nm for Ge films on 
Si.56,57,58 
Initial efforts to produce defect-free Ge on Si involved the use of compositionally 
graded Ge1-xSix buffer layers grown between the Si and Ge layers to gradually 
accommodate the lattice mismatch. In this scheme the composition of Si in the buffer 
layer decreases until pure Ge is obtained.59 This approach to Ge has been shown to 
produce threading dislocations that terminate in the graded buffer layer and do not 
penetrate into the Ge layer of interest. Using this strategy, researchers have produced 
relaxed Ge films on Si with defect densities as low as 106 cm-2.60 The major drawback to 
this approach is that the compositionally graded buffer layer is costly, technologically 
complex to produce, and is not a viable option as an electrical medium between the Si 
and the Ge due to carrier scattering and losses caused by the defects that are produced to 
accommodate the lattice mismatch.  
Advances in growth technology and processing have made it possible to grow 
device quality Ge films directly on Si. In recent years, ASU has developed strategies to 
routinely produce intrinsic and n-type Ge on Si templates via low temperature routes.61 
Critical to this achievement has been the development of the more reactive higher order 
germane precursor molecules trigermane (Ge3H8) and tetragermane (Ge4H10) for epitaxial 
growth.62 Following the growth utilizing these precursors, a thermal treatment is applied 
to reduce the threading dislocation density. Employing these protocols, Ge layers with 
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defect densities as low at 107 cm-2 are routinely produced on Si substrates at growth rates 
as high as 20 nm/min.63 The recent introduction of the specialty designed hydride 
precursors V-(GeH3)3 and V-(SiH3)3 (V = P, As) as n-type dopant sources has been 
shown to suppress the issue of incomplete donor ionization in highly doped Ge films as 
well.64 These dopant sources, when combined with the higher order germane molecules at 
ultra-low temperatures, deliver device-quality n-Ge films with donor densities 
approaching the 1020 cm-3 range of interest for photonic and electronic applications, 
boding well for the development of Ge NFETs.41,55,65  
One of the byproducts of thermally treating Ge films grown on Si in conjunction 
with the growth is the introduction of biaxial tensile strain in the Ge-layer. The thermal 
expansion coefficient of Ge is about twice that of Si, so if a thermal treatment is applied 
to Ge films grown on Si, such as annealing followed by quenching, the Ge layer will be 
left with a tensile strain. This fortuitously enhances the sought-after optical and electrical 
properties of Ge. Introducing lattice deformation to a material produces strain that 
perturbs the bandstructure. In Ge, strain lifts the degeneracy between the HH and LH 
bands and adjusts the relative separation between the L and Γ-valleys. The application of 
biaxial tensile strain has been found to decrease the separation between the L and Γ-
valleys while lowering the overall band gap, allowing Ge take on the features of a more 
direct gap material that operates at longer wavelengths.66,67 This increases the light 
emission efficiency and offers a means to materials with excellent optical performance in 
the wavelength range of interest for communications. Direct gap Ge films with tensile 
strains greater than 2% have been demonstrated by growing the material on InGaAs-
buffered GaAs substrates.68 However the theoretical maximum tensile strain that can be 
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attained in Ge films on Si is only 0.34%,69 well below the 2% threshold to direct gap 
materials.66 Biaxial compressive strain on the other hand increases the separation between 
the L and Γ-valleys, making the material more indirect in nature, which decreases the 
ability to emit light efficiency. For this reason, researchers have focused on developing 
tensile strained Ge films on Si for photonic applications.  
There have been several successful demonstrations of tensile strained Ge films 
operating as quasi-direct materials due to the decrease in separation between the Γ and L-
valleys that occurs. Most notably, the reduction in Γ-L separation has been documented 
by PL measurements of thin films and EL measurements of diode devices.70,71 The 
optical output of Ge can be further enhanced by doping the material n-type in the 1019-
1020 cm-3 range.72 Doping at these levels increases the quasi-Fermi level for carriers in the 
conduction band so that higher population of the Γ-valley is obtained. This increases the 
probability of radiative recombination occurring across the direct gap relative to the 
indirect gap, which can introduce non-radiative losses, once a hole is introduced into the 
valence band. PL measurements of such materials have been shown to increase the 
emission output by almost an order of magnitude.70,73,74,75 In addition to promoting more 
efficient E0 radiative recombination, heavy n-type doping of Ge materials also causes an 
overall renormalization of the bandgap to slightly lower energies as a function of dopant 
concentration.76,77 This is due to the presence of the impurity atoms perturbing the 
electronic wavefunctions of the band-edge states.78,79 The combined approach of biaxial 
tensile strain and heavy n-type doping led to the first report of an optically pumped Ge 
waveguide laser in 2010,80 followed by an electrically pumped laser about two years 
later.81  
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C. Background and Motivation for Ge1-ySny Materials 
An alternative strategy to tensile strain for obtaining direct gap group-IV 
materials is to compositionally tune Ge by alloying it with the semi-metal Sn. This idea 
was originally proposed in 1982.82 At temperatures below 13.2oC, elemental Sn takes on 
the diamond cubic structure, α-Sn. Above this temperature it transitions to the tetragonal 
β-Sn phase. This suggests that a small amount of Sn placed on substitutional sites in a Ge 
parent lattice should form a metastable alloy with a diamond cubic structure under 
ambient conditions. The idea that direct gap group-IV material can be achieved via 
alloying Ge with Sn is based on inspecting the bandstructure of Ge and α-Sn, the latter of 
which was first calculated by Steven Groves and William Paul.83 At the Γ-point of α-Sn 
the E0 band gap is -0.40 eV while the gap between the conduction band L-valley to 
valence band Γ-maximum, Eind, is 0.16 eV. Therefore a linear interpolation between the 
endpoint gap values of Ge and α-Sn means a direct gap Ge1-ySny material occurs at some 
critical composition (yc) in the composition space. Initial theoretical calculations utilizing 
tight-binding and pseudopotential methods predicted yc = 0.20.84,85 However, 
experimental work measuring the optical properties of these materials showed that this 
likely occurred at much lower compositions,86 likely in the range of ~10% Sn.87 Another 
motivating factor for the development of Ge1-ySny alloys is as tailored substrates to tensile 
strain Ge films. Since the lattice constant of α-Sn is 6.4912 Å,88 diamond cubic Ge1-ySny 
alloys will take on a continuous range of lattice constants between Ge and the α-Sn 
value.89 Such materials would be completely compatible substrates for the subsequent 
epitaxy of tensile strained direct gap Ge.     
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The first Ge1-ySny materials were produced by sputtering and pulsed UV laser 
annealing, resulting in polycrystalline films.90 It took several years for the first single-
crystal materials to be grown due to the low solid solubility limit of Sn in Ge, which is 
under 1.1%.91 Ultimately, success came by growing Ge1-ySny on alternative substrates 
such as Ge, GaAs, and InSb.92,93,94 Molecular bean epitaxy (MBE) growths in the late 
1990’s produced films with high enough quality on Si that allowed systematic 
measurement of the optical properties.86,95 However the MBE growth mechanism tended 
to produce films where the Sn would precipitate to the surface.94,96  
In 2001, ASU demonstrated the first epitaxial deposition of Ge1-ySny in a high-
vacuum environment by a commercially-compatible chemical vapor deposition (UHV-
CVD) route on Si substrates.97 These depositions were conducted at 350oC through 
reactions of phenyl-stabilized deuterated stannane ((Ph)SnD3) and digermane (Ge2H6). 
The resultant films were shown to be random alloys with no deuterium or C impurities 
based on forward scattering RBS and C-resonance, with a diamond structure as 
demonstrated by TEM diffraction and Raman scattering. Following this initial 
breakthrough, a new method was developed utilizing the stabilized precursor deuterated 
stannane (SnD4) which was reacted between 250oC and 350oC with Ge2H6 by a similar 
UHV-CVD route as in Ref. 97. These experiments produced single crystal diamond cubic 
Ge1-ySny alloys on Si(100) which led to device-quality materials.98,99 In subsequent 
studies, this method was used in conjunction with newly developed p and n-type doping 
protocols using the gas-source diborane (B2H6) and trigermyl-phosphene (P(GeH3)3) 
molecular precursors,100 respectively, to systematically produce photodiodes devices on 
Si(100) that demonstrated extended IR performance relative to analogous Ge 
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devices.101,102,103,104 These systems showed tunable direct gap PL and EL emission in Ge1-
ySny materials and devices with thicknesses up to 1 µm and y < 0.05.105,106 Other CVD 
routes to high-quality Ge1-ySny materials on Si have been developed by other groups and 
involve reactions of tin-tetrachloride (SnCl4) as the Sn source with germane (GeH4) or 
Ge2H6.107,108  
The growth of Ge1-ySny using the SnD4/Ge2H6 strategy experiences shortcomings 
with attempts to grow relaxed films at higher Sn concentrations approaching direct gap 
alloys. This is due to the growth rate declining quickly as the temperature is lowered in 
order to substitute more Sn into the Ge parent lattice. This results in very thin films 
(thickness < 300nm) with a high degree of compressive strain. Thus a new strategy to 
Ge1-ySny materials was introduced based on the higher-order molecule trigermane 
(Ge3H8), which is a more reactive species than Ge2H6. Reactions between Ge3H8 and 
SnD4 were found to increase the growth rate on Si and enabled incorporation of up to 9% 
Sn in films that closely reflected the stoichiometry of the gas-source mixtures.109 Use of 
this molecule as the Ge-source was also found to not change the doping protocols of Ge1-
ySny materials.109 PL of these materials showed a continuation of the trend toward direct 
gap materials based on a systematic redshift of the direct gap emission peak as a function 
of composition. The PL intensities however remained too low to distinguish a significant 
Eind signal that would enable accurate measurement of this gap for determination of the yc 
composition. The inability to resolve the Eind feature in these films is attributed to the 
high interface recombination velocity between the Ge1-ySny layer and Si substrate due to 
the high defect density inherent to this interface.38  
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In order to reduce the non-radiative recombination at the epilayer/substrate 
interface, Chapter II of this dissertation begins by describing the development of Ge1-ySny 
materials grown on Ge-buffered Si(100) substrates using higher-order Ge-hydride gas 
source precursors. The Ge buffers enable the epitaxy of Ge1-ySny materials on a virtual 
platform with a lower lattice mismatch compared to the Si substrate. This is intended to 
reduce the number of threading dislocations penetrating into the Ge1-ySny epilayer 
enabling the growth of highly crystalline materials with compositions between 0 and 12% 
Sn. Room temperature PL from such samples allowed simultaneous observation of the E0 
and Eind transitions, producing a systematic study of the compositional dependence of 
these band gaps leading to the determination of yc. Practical devices are demonstrated 
extending the previous studies of devices on Si(100) by growing on an n-Ge contact 
buffer layer. Other researchers have employed similar methods of Ge1-ySny on Ge-
buffered Si growth and these have resulted in successful detectors, LEDs, and even 
optically pumped lasers operating at low temperature.110   
D. Background and Motivation for Ge1-x-ySixSny Materials 
The use of ternary Ge1-x-ySixSny alloys was initially proposed in 1991 as a group-
IV analog to III-V ternaries that allow tuning of the electronic structure at a fixed lattice 
constant to be used as a band offset material in Ge/Ge1-ySny quantum well 
structures.111,112 In addition, calculations have shown that the performance of the current 
state-of-the-art high-efficiency photovoltaic (PV) cells based on the 
Ge/In0.01Ga0.99As/In0.50Ga0.50N architecture can be extended with the insertion of a 1.00 
eV gap material.113 However, such a material must also lattice match Ge. Ge1-x-ySixSny 
offers a solution to this ambition because at a Si:Sn ratio of ~4:1 this system possesses a 
 21 
lattice constant equal to Ge with adjustable band gaps tunable in energy above Ge.114 
Thus in principle, at a special composition, such a material should possess the necessary 
Egap = 1.00 eV of interest for Ge-based PV applications. 
The Ge1-x-ySixSny ternary was first synthesized at ASU in 2003 by Bauer et. al. via 
reactions of SnD4 and silyl-germane (SiH3GeH3) on Ge1-ySny-buffered Si(100) substrates 
in a UHV-CVD environment.115 Later generations of the synthesis protocols replaced the 
SiH3GeH3 molecule with the commercially available compounds trisilane (Si3H8) and 
Ge2H6.116 This led to epitaxy of intrinsic and doped alloys directly on Si(100) and 
Ge(100) using this method.117,118,119 These materials were subsequently shown to possess 
the key property that initiated their exploration: a tunable band gap at a fixed lattice 
constant equal to that of Ge.120 With the development of the higher order germane 
precursors Ge3H8 and Ge4H10,61 the current generation of ternary synthesis involves 
reactions of Ge4H10 (Ge3H8), tetrasilane (Si4H10), and SnD4.114,121 These materials were 
fabricated into solar cell devices and photodiodes on Ge(100) and Si(100) substrates 
featuring materials with 1.0 eV band gaps.114,122,123  
An important consequence of Si incorporation is that ternary Ge1-x-ySixSny is more 
thermally robust than binary Ge1-ySny for the same Sn concentration due to increased 
mixing entropy.117 This opened the opportunity to explore Sn-rich Ge1-x-ySixSny materials 
as alternatives to Ge1-ySny for photonic applications as detector and emitter materials for 
integrated Si photonics. Initial PL measurements of Sn-rich films grown on Si showed a 
systematic redshift of E0 as a function of Sn concentration, analogous to that observed for 
Ge1-ySny.124 Photodiode devices fabricated from the Sn-rich class of ternary alloy 
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demonstrated an extension of the absorption edge in detectors on Ge(100) covering all 
telecommunication bands, strengthening the analogy with Ge1-ySny.125 
Chapter III is devoted to the systematic investigation of this analogy. A parallel 
study of the fundamental Eind and E0 band gaps by PL is presented demonstrating a 
crossover to direct gap materials in the Sn-rich ternary family of materials when grown 
on Ge-buffered Si substrates, which reduces the lattice mismatch with the light-emitting 
epilayer. These materials are then fabricated into photodiode devices on n-Ge buffered 
Si(100) platforms to show EL for the first time. A global fit to the ternary band gaps 
shows that incorporating a small fraction of Si into Ge1-ySny alloys with y > yc may widen 
the Γ-L separation in favor of enhanced direct gap materials. This is attributed to a very 
large SiSn bowing coefficient in the electronic band gaps.  
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II. OPTICAL AND ELECTRONIC PROPERTIES OF GE-SN MATERIALS 
AND DEVICES 
Portions of text and figures in this chapter were previously published as J. D. Gallagher, 
C. L. Senaratne, J. Kouvetakis, and J. Menéndez, Appl. Phys. Lett 105, 142102 (2014) 
and have been reproduced with permission. Portions of text and figures in this chapter 
were previously published as J. D. Gallagher, C. L. Senaratne, P. Sims, T. Aoki, J. 
Menéndez, and J. Kouvetakis Appl. Phys. Lett 106, 091103 (2015) and have been 
reproduced with permission. Portions of text and figures this chapter were previously 
published as J. D. Gallagher, C. L. Senaratne, C. Xu, P. Sims, T. Aoki, D. J. Smith, J. 
Menéndez, and J. Kouvetakis J. Appl. Phys. 117, 245704 (2015) and have been 
reproduced with permission.  
A. Optical Properties of Ge1-ySny Materials 
1. Introduction  
As discussed in Chapter I, the development of high-quality single crystal Ge1-ySny 
materials grown on Si(100) by UHV-CVD led to the first demonstration of light emission 
from these alloys by PL.105 Strain-relaxed films containing up to 5% Sn approaching 1 
µm thicknesses were grown by the Ge2H6/SnD4 method directly on Si.99 Room 
temperature PL experiments of these materials confirmed the early theoretical predictions 
and experimental data by absorption-based measurements that Ge1-ySny becomes a direct 
gap semiconductor at some composition yc.84,86 In this initial study, room temperature PL 
was demonstrated to be a uniquely advantageous technique for mapping the 
compositional dependence of the fundamental band gaps in Ge1-ySny. The spectra in this 
case contained features corresponding to Ge-like E0 and Eind emission. This enabled the 
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first compositional mapping of the separation between the Γ and L conduction band 
valleys, allowing an empirical extrapolation of yc ~ 0.11.105 Despite this success, direct 
measurement of yc was initially unobtainable due to an incapacity to grow PL-quality 
materials containing y > 0.05 using the Ge2H6/SnD4 method. Attempts to grow samples in 
this composition range must be done at systematically lower temperatures to ensure full 
Sn substitution. Due to the lower reactivity of Ge2H6 at lower temperatures the growth 
rates of the films were so low that the materials did not fully relax on the Si substrate and 
had a limited maximum thickness. The growth of high quality materials directly on Si is 
also complicated by the 4.2% lattice mismatch with Ge. This increases concurrently as a 
function of Sn and so a large number of dislocations are inveitably generated at the Ge1-
ySny/Si interface. Since the alloy becomes more thermally unstable at higher Sn 
compositions, thermal annealing treatments quickly become very limited in their ability 
to adequately annihilate these defects and yield low defect density post-growth materials 
without decomposing the material by Sn segregation.126,127   
Misfit dislocations are highly undesirable from the perspective of producing PL-
quality samples because they act as carrier trap sites that quench radiative recombination, 
lowering the signal-to-noise ratio in PL spectra. This is due to the ~0.4 mm diffusion 
length of carriers in Ge,128,129 such that having a highly defective Ge1-ySny/Si interface 
increases the non-radiative recombination rate significantly for typical film thicknesses. 
Overall this complicates an accurate determination of yc, which requires precise line-
shape modeling of the spectral features. In order to obtain high quality Ge1-ySny materials 
with Sn contents near yc, two adjustments to the growth were made. The first adjustment 
substituted Ge2H6 for the more reactive Ge3H8 precursor, which increased the growth rate 
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of Ge1-ySny films on Si and produced PL quality materials with y up to 0.09.109 The 
second adjustment was to grow Ge1-ySny alloys on Ge-buffered Si(100) substrates that are 
produced by a gas-source molecular epitaxy route (GSME) using Ge4H10.61 This yields a 
high-quality template with a reduced lattice mismatch between the target alloy film and 
substrate, thereby reducing the density of parasitic dislocations that hinder clear and 
distinct E0 and Eind PL features. Growth of the alloy on a Ge buffer is also predicted to 
have a Type-I band offset alignment.130 This type of band offset is favorable for light 
emission because it confines the photoexcited carriers in the Ge1-ySny layer, further 
increasing the probability of radiative recombination occurring there. 
2. Growth and Materials Properties of Ge1-ySny on Ge/Si(100) Substrates 
Thick (~500 nm), luminescent Ge1-ySny films containing up to 11% Sn were 
grown on Ge-buffered Si by UHV-CVD reactions of Ge3H8 and SnD4. The specific 
growth details such as temperature, pressure, and mixture ratios are reported in Refs. 131 
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Figure 4: (Left) XRD 224 RSM of a 8% Sn layer grown on a Ge buffer. This layer is almost fully 
relaxed. (Right) 2 MeV RBS showing channeling and random spectra of both the Ge and Sn signals in 
the Ge and Ge1-ySny epilayers. Samples and data produced and collected by Charutha Senaratne. See C. 
L. Senaratne, J. D. Gallagher, L. Jiang, T. Aoki, D. J. Smith, J. Menéndez, and J. Kouvetakis, Journal of 
Applied Physics, 116, 133509 (2014).    
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and 132. The Sn concentrations were determined from Rutherford Backscattering (RBS) 
and X-ray diffraction (XRD). The agreement between the two techniques is excellent 
when the compositional dependence of the cubic lattice parameter from Ref. 89 is 
applied. The left panel of Figure 4 plots a representative high-resolution XRD reciprocal 
space map taken along the off-axis (224) reflection for a 8% Sn alloy grown on a Ge 
buffered Si(100) substrate. The map shows a symmetric peak corresponding to the Ge 
buffer layer exhibiting a slight tensile strain as can be seen by the position of this peak 
above the cubic relaxation line. The peak corresponding to the Ge0.92Sn0.08 alloy 
demonstrates a single-phase material with a residual level of compressive strain. Despite 
the large critical thickness for pseudomorphic growth of Ge1-ySny alloys on Ge,133 the 
samples produced in this study routinely exhibit highly relaxed Ge1-ySny films grown on 
the virtual Ge substrate. The right panel of Figure 4 plots the 2 MeV random and 
channeled RBS spectra from this sample. The layers of the Ge and Ge0.92Sn0.08 materials 
are modeled to be 620 nm and 500 nm, respectively. The high degree of channeling 
across the Ge and Ge1-ySny layers is indicative of excellent crystallinity, good epitaxial 
alignment to the Si wafer, and full substitution of the alloy Sn atoms into the parent Ge 
diamond lattice. Additionally, the Sn profile across the alloy layer is flat, indicating no 
compositional gradients, phase segregation, or surface precipitation.  
Further characterizations on the microstructural properties of these films were 
conducted on portions of the specimens prepared for systematic investigation by 
transmission electron microscopy (TEM).131,134 Low magnification micrographs showed 
low defectivity in the GeSn epilayer, indicating that the Ge buffer serves as an excellent 
lattice mismatch negotiator. Images taken of plan view TEM samples revealed a 
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dislocation density of 5×107 cm-2.131 Finally, elemental mapping by electron energy loss 
spectroscopy (EELS) revealed substitution of Sn into a diamond lattice, supporting the 
interpretation of the channeling observed in RBS.134 These microstructural results 
corroborated with the XRD and RBS data support the notion that the Ge1-ySny alloys used 
in this PL investigation are highly crystalline random alloys.      
3. Optical Properties of Ge1-ySny Materials on Ge/Si(100) Substrates 
Photoluminescence (PL) experiments were performed at room temperature on 
samples excited with 400 mW of continuous wave (cw) 980 nm radiation focused to ~ 20 
µm spot. The laser is modulated by an optical chopper enabling lock-in detection of the 
light emitted by the sample, improving the signal-to-noise ratio. The emitted light is 
passed through a grating spectrometer (f = 140 mm Horiba MicroHR) with a 600 
grooves/mm grating blazed at 2 µm. Long pass filters were used to block visible radiation 
and possible emission from the Si substrate. In spite of the long pass filters, a residual 
laser signal was observed in second-order at 1860 nm. The light is detected by a 
photodiode placed at the exit slit. The laser line was subtracted from the spectra by fitting 
it with a Gaussian lineshape. From the width of this Gaussian we estimate the spectral 
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resolution to be 10 nm for the spectrometer’s slit settings. The wide composition range of 
the samples used in this study requires the use of three detectors: a liquid-nitrogen (LN2) 
cooled InGaAs diode (up to 2300 nm), a thermoelectrically-cooled (TE) InGaAs device 
(up to 2500 nm), and a TE cooled PbS detector (up to 2700 nm). The system response 
with the three detectors was calibrated with a tungsten-halogen lamp and the spectral 
energy accuracy was verified by measuring the emission lines from an argon-arc lamp. 
Spectral corrections were applied to the data to account for the spectrometer response and 
long pass filter transmission, as discussed in Appendix E.  
Figure 5 plots a series of room temperature PL spectra comparing Ge1-ySny 
materials grown on Ge-buffered Si(100) substrates with samples grown directly on 
Si(100) wafers that have comparable thicknesses and compositions. We note that over the 
entire range of compositions, the emission from Ge1-ySny materials on the Ge buffers 
display systematically higher intensities than their counterparts on Si. The higher 
intensities produced by the alloys grown on the Ge buffers improves the signal-to-noise 
ratio to such an extent that the E0 and Eind features can clearly be resolved in these 
spectra, whereas the difference between these features is much more ambiguous for the 
samples grown on Si. This enables the Ge1-ySny/Ge/Si(100) spectra to be modeled very 
accurately, facilitating line-shape based fits of the data that yield band gap energies with 
meV precision.  
Figure 6 plots representative PL spectra for Ge1-ySny/Ge/Si(100) samples across a 
composition range of 0-9% Sn with similar thicknesses acquired on the LN2 cooled 
InGaAs detector. From this figure we are able to see qualitatively the evolution of the PL 
spectra from indirect to direct gap materials. Firstly, as more Sn is incorporated into the 
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alloy epilayer the resultant PL spectrum shows a reduction in the separation between the 
E0 and Eind peaks. For instance, the 0.3%, 3.1%, and 4.2% Sn layers show a lower energy 
shoulder that is assigned to emission from the Eind transition while the main peak is 
assigned as the E0 emission. In the 7.5% Sn sample however, these features have merged 
to produce a single broad peak, indicating that the separation between the Γ and L 
conduction band valleys has become very narrow. In fact, due to the systematic decrease 
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Figure 6: Room temperature PL for samples of similar thickness spanning a range of 0-9% Sn. 
Inset demonstrates the line-shape fitting performed on the spectra to assign the Eind and E0 
contributions. Samples produced by Charutha Senaratne. See C. L. Senaratne, J. D. Gallagher, T. 
Aoki, J. Kouvetakis, and J. Menéndez, Chemistry of Materials, 26(20), pg. 6033 (2014). 
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between the Γ and L valley separation as a function of Sn content, the Eind feature could 
not be discerned, or produce a converging fit if taken into consideration, in any samples 
with y > 0.06. Secondly, we see a redshift of both these signals confirming the notion that 
the addition of Sn continuously perturbs the electronic band structure from pure Ge, 
where the gaps are larger and the Γ valley sits higher than the L, to α-Sn, where the gap 
across the Γ-point is negative and the Eind is just less than 0.2 eV. Lastly, as more Ge is 
substituted by Sn atoms the PL intensity increases. This is observed because as the 
separation narrows between the Γ and L conduction band valleys, the number of carriers 
that populate the Γ valley under quasi thermal equilibrium increases, which in turn 
increases the probability of radiative transitions taking place across the Γ-point, 
enhancing the PL signal strength.  
The inset of Figure 6 demonstrates a typical lineshape fit to the PL spectra 
features in order to extract the E0 and Eind band gaps from the data from a 3.5% Sn film 
grown on a Ge buffer. Here we see a clear lower energy Eind peak, a dominant E0 feature, 
and a minor contribution from the buffer E0 that does not obscure the Ge1-ySny spectral 
features of interest in any significant way. It should be noted that the Eind from the Ge 
buffer in this sample also does not alter the Ge1-ySny spectrum to a measureable degree 
despite its expected presence near 0.68 eV. This is due to the low PL intensity of the Eind 
in Ge films on Si relative to the E0, as seen in Figure 3. 
To fit these spectra, a two-step approach is adopted. In the first step the 
experimental PL profile is fit with empirical line shapes assigned to the direct and 
indirect emission. The Eind emission is fit with a single Gaussian which accounts for 3 
possible radiative recombination pathways that can occur across this gap: phonon 
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emission with photon emission, phonon absorption with photon emission, and a no 
phonon interaction with photon emission due to symmetry breaking by alloy disorder. 
The contributions from these 3 pathways overlap strongly around the Eind gap, making 
precise deconvolution very tricky. For simplicity we absorb all three of these features into 
a single Gaussian function which is found to fit this part of the spectrum very well. The 
E0 is fit by an exponential decay modified Gaussian (EMG) function. The EMG is 
formed by the convolution of a simple Gaussian with an exponential decay tail and this 
produces a lineshpe that agrees very well with the shape of the theoretically calculated 
spontaneous emission spectrum. Next, the empirical line shapes are fit by hand to 
theoretical expressions describing the spontaneous emission from Ge1-ySny alloys. 
The spontaneous emission rate of photons emitted per unit volume from a sample 
into an external angle is given by a generalized van Roosbroeck-Shockley 
expression.135,136  
 
, (2.1) 
 
This equation describes the emission rate, R, per unit sample volume of photons with 
energy E into the solid angle dΩ. By employing this model we are assuming the sample is 
under continuous photo-excitation and that the carriers in the conduction band reach 
quasi-equilibrium between the Γ and L valleys. Because in this model the emission is 
proportional to the absorption, an analytical model is used that includes excitonic 
effects.137 However alloying with Sn perturbs the band structure of pure Ge and so the 
relevant band parameters needed to describe the absorption in Ge1-ySny are extrapolated 
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from bulk Ge using k⋅p expressions. The effect of any residual strain on the band 
structure is accounted for using deformation potential theory. The hydrostatic 
deformation potential parameters used for the Ge direct gap were measured by Goñi et. 
al.138 and the indirect gap values are given by Ahmad and Adams.26 The deformation 
potentials used for the α-Sn direct and indirect gaps are derived by multiplying the 
calculated potentials by a the same correction factor that is necessary to adjust the 
theoretical values of Ge to the experimental values.139,140 The total hydrostatic 
deformation potential for a given alloy is then determined by linearly interpolating 
Figure 7: Direct (black circles) and indirect (open squares) band gap energies of GeSn materials 
extracted from PL measurements. The cubic fits to the data give the best result and show a crossover 
to direct gap materials at ~9% Sn. 
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between the Ge and α-Sn endpoints. The emission due to the direct gap can be calculated 
by combining a standard absorption expression for parabolic bands given in Ref. 135 
with the van Roosbroeck-Shockley equation from the same source. By adjusting the 
parameters of the calculated spontaneous emission it is possible to obtain an excellent 
agreement between the theoretical shape of the emission and the EMG profile. Once a 
converged fit is obtained the band gap is automatically computed by a user-defined 
program in IgorPro. This model used to describe absorption and emission by the direct 
gap is not valid for the indirect gap however.141 Instead the correct expression for 
absorption by the indirect band gap contains a prefactor that is proportional to (E0 – E)-2 
that arises in second-order perturbation theory for a phonon-assisted process. Due to the 
decreasing difference between the Γ and L valleys, this value diverges as the separation 
between E0 and Eind goes to 0. Thus a rigorous quantitative theory for the spontaneous 
emission from Ge1-ySny alloys remains an unsolved problem for the moment. Instead it is 
assumed that the value of Eind is the value of the Gaussian peak maximum position 
shifted by a constant of 0.031 eV to lower energy. This shift value of 0.031 eV was 
determined by measuring the PL spectrum of Ge films under identical conditions since 
the Eind value of Ge is well known. This shift agrees with the zone edge LA, LO, and TO 
phonon energies in Ge which are 0.027 eV, 0.031 eV, and 0.035 eV, respectively. A shift 
due to the sample strain is also incorporated assuming that the predominant radiative 
recombination is with the heavy hole band. For specific details on how the fits are 
performed by hand to extract the E0 band gap using the IgorPro program the reader is 
referred to Appendix E of this dissertation. Further details regarding the effect of specific 
parameters on the fits can be found in Ref. 134.  
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Figure 7 shows the direct and indirect gap energies determined from fits of room 
temperature PL data on over 50 Ge1-ySny samples spanning y = 0.000-0.105, including 
data points from Ref. 134. The compositional dependence of optical transition energies is 
usually written as a quadratic expression which in the case of Ge1-ySn alloys takes the 
form  Ecv y( ) = EcvGe 1− y( ) + EcvGe y( )− bcv y 1− y( ) , where the subscript cv highlights the fact 
that Ecv is a transition energy from the conduction band to the valence band. At the 
simplest level of theory, when the shift is viewed as a perturbation to the VCA transition 
energies, the bowing parameter bcv is given by (in eV):142
 
 
 bcv = − M (y) 2 F(Ec, y)− F(Ev, y)[ ] , (2.2) 
  
where M(y) is a matrix element arising from the potential difference between the actual 
alloy and the VCA alloy and Ec/Ev are conduction and valence band energies, 
respectively. The function F(E,y) is (in eV/cm6): 
 
F(E, y) = 1
Ω2 (y)℘ d ′E
ρat ( ′E , y)
E − ′E∫ , (2.3) 
  
where Ω(y) is the volume of the unit cell of the virtual crystal and ρat(E′,y) is the VCA 
electronic density of states (DOS) (in states per atom per unit of energy). The symbol ℘  
denotes a principal part integration. Even under the crude assumption  M  = constant 
(Ref. 142), F(E,y) is in general a function of y, and therefore the bowing parameter bcv 
becomes a function of composition. In previous work on Ge1-ySny alloys, however, the 
number of data points and/or the compositional range explored was too small to detect 
any possible compositional dependence in the bowing parameters b0 and bind for the direct 
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and indirect gaps. In Ref. 134, for example, excellent agreement with experiment was 
found using constant b0 = 2.46±0.06 eV and bind = 0.99±0.11 eV. (The end values were 
taken as  = 0.796 eV,  = -0.413 e ,  = 0.655 eV, and  =  -0.035 eV). Fits 
with constant bowing parameters for y < 0.06 are shown as dotted lines in Figure 7, and it 
is apparent that in the case of the direct gap such fit systematically underestimates the 
measured energies at Sn-concentrations beyond y = 0.07. Fitting the entire compositional 
range of Figure 7 with a constant bowing expression yields b0 = 2.24 eV, well beyond the 
error of the bowing determined in Ref. 134. Thus it appears that a constant bowing model 
is not accurate enough to explain the compositional dependence of the direct gap.  
The simplest phenomenological extension of the constant bowing model is to 
assume the bowings to be linear functions of composition: 
 b0 (y) = b0(0) + b0(1)y , (2.4a) 
  
 bind (y) = bind(0) + bind(1)y , (2.4b) 
 
This assumption is more rigorously justified by the calculations described below. The use 
of Eq. (2.4a) implies that the overall compositional dependence of the band gap energy is 
given by a cubic polynomial, which has been shown to apply in the case of Ga1-xAlxAs143 
and Ga1-xAlxSb.144 A cubic fit of the E0 energies gives  b0
(0)  = 2.66±0.09 eV and  b0
(1)  = -
5.4±1.1 eV, and is shown as a solid line in Figure 7. We see that it provides an excellent 
account of the experimental data. In addition, the expression implies E0(0.14) = 0.40 eV, 
in very good agreement with the band gap E0 = 0.41 eV reported in Ref. 145 for a sample 
grown following a similar CVD approach. By contrast, if we use a constant bowing 
 E0
Ge
 E0
Sn
 Eind
Ge
 Eind
Sn
 36 
parameter b0 = 2.46 eV, as recommended in Ref. 134, the predicted value is E0(0.14) = 
0.33 eV, which clearly underestimates the experimental value.  
The upper panels in Figure 7 show the residuals from quadratic and cubic fits of 
the E0 energy over the entire compositional range, and it is apparent that the quadratic 
residuals are larger and more structured. In fact, an F-test comparison of the two models 
gives F = 24.1 for the 52 data points in the figure, which corresponds to a probability p < 
1.5×10-5 that the improved cubic fit is accidental. 
A critical consequence of the cubic fit is that the indirect to direct crossover 
composition is shifted to from yc = 0.073 to yc = 0.087. However, this assumes that Eind(y) 
is still given by a quadratic expression. Unfortunately, a fit of Eind(y) using Eq. (2.4b) 
with no additional constraints gives unphysical results. This is mainly because the 
Figure 8: Calculated density of states based on the theory of CC. the inset diagram displays a 
model of the effect of level repulsion between the three conduction band valleys L, Γ, and Δ and 
the valence band Γ maximum.  
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compositional range is too narrow, since Eind cannot be clearly identified beyond y  = 
0.06. However, we can expect that the same physics that produces the compositional 
dependence of b0 will also generate a similar effect for bind. The idea is then to combine 
the elementary theory in Eq. (2.2) and (2.3) with experimental data to generate additional 
constraints that will make it possible to estimate  bind
(0)  and  bind
(1) . 
An important consideration when applying the theory in Eqs. (2.2) and (2.3) to 
Ge1-ySny alloys is the non-negligible increase in lattice parameter as a function of y. We 
note in this context that our definition of the function F(E,y) contains an explicit factor 
 Ω
−2 y( ) that does not appear in Ref. 142,  where it is absorbed into the matrix element 
definition. In our case, however, we follow Hall and coworkers146,147 to define a matrix 
element M from which all possible dependencies on the unit cell volume have been 
extracted, so that we can extend Stroud’s  M  = constant approximation to virtual crystals 
with different unit cell sizes. For the DOS, we use as a starting point the results from 
Chelikowsky and Cohen (CC) for Ge and α-Sn.148 The DOS regions near the Γv, Lc, and 
Γc states, however, are modeled using accurate analytical expressions, which are joined 
smoothly with the CC DOS. The conduction band is described as the sum of three 
parabolic edges, corresponding to the L, Γ, and Δ minima, with k⋅p effective masses from 
El Kurdi et al (Ref. 149). To this we added five Gaussians whose amplitudes, energies 
and widths were adjusted to match the CC DOS. The alloy DOS in the conduction band 
was simulated by linearly interpolating the L, Γ, and X edges, scaling the effective 
masses using k⋅p theory, and interpolating the parameters of the five Gaussians.  We use 
a similar approach for the valence band, starting from the analytical results of Rodríguez 
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Bolívar et al. (Ref. 150) for the region near the Γv state.  An example of the DOS 
computed this way is shown in Figure 8 for the case of pure Ge (y = 0). The function 
F(E,0) corresponding to this DOS is also shown in the figure. We note that, as expected 
from Ref. 142, F(0,0) > F(Eind,0), so that  bind
(0) > 0 . We also find that F(0,0) > F(E0,0), 
which implies  b0
(0) > 0 . Both results, which can be understood in terms of level repulsion 
between the two conduction band valleys as the separation between them decreases, are 
consistent with the experimental data. Proceeding in this fashion we also computed 
F(E,y) and we find that for y < 0.2 it is a linear function of y when evaluated at the energy 
of the Γv, Γc and Lc states and concentration y. Therefore, we can write 
 
, (2.5) 
 
Thus the quantities F(E0,0), F(Eind,0), and F(0,0) when inserted in  Eq. (2.2) give   b0
(0)  and 
 bind
(0) , whereas if we insert  dF E0 , y( ) ∂y  ,  dF Eind , y( ) ∂y  and  dF 0, y( ) dy  we obtain 
 b0
(1)  and  bind
(1) . The linearity in y of F(E,y) provides a more rigorous justification for the use 
of Eqs. (2.3a) and (2.4b). It remains approximately valid beyond y = 0.2 and up to y = 
0.66, where our DOS model ceases to be valid because E0 becomes negative. If we adjust 
 M  so that the calculated  b0
(0)  agrees with the experimental value  b0
(0)  = 2.66 eV, we 
calculate  bind
(0)  = 2.14 eV,  b0
(1)  = -4.4 eV, and  bind
(1)  = -1.5 eV.  
 Our theory predicts all signs in agreement with experiment, but the relative 
magnitude of the Eind and E0 bowing would imply a much stronger compositional 
dependence of Eind than observed experimentally. This is most likely a result of the crude 
 
F E, y( ) = F E,0( ) + dF E, y( )dy
y=0
y
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constant matrix element approximation. Clearly, matrix elements involving the Lc state 
need not be the same as those involving the Γc state. On the other hand, the same matrix 
elements are involved in  b0
(0)  and  b0
(1) , so that we might expect the ratio  b0
(1) / b0
(0)  to be 
less dependent on matrix elements, and indeed the theoretical value  b0
(1) / b0
(0) = -1.65 is in 
good agreement with the experimental result  b0
(1) / b0
(0) = -2±1. If we assume the same to be 
valid for Eind, we can fit the compositional dependence of this transition using Eq. (2.4b) 
subject to the constraint  bind
(1) / bind
(0) = -0.7, as obtained from our theoretical model. We then 
find  bind
(0) = 1.06±0.07 eV and  bind
(1) =  -0.74±0.07 eV. The corresponding curve is shown as 
a solid line in Figure 7, and we see that it intercepts the E0 line at yc = 0.087. Thus the 
predicted cross-over composition from indirect to direct gap behavior in Ge1-ySny alloys 
is increased by more than 1% relative to earlier work that ignored the compositional 
dependence of the bowing parameters.134  
The theoretical value  bind
(1) / bind
(0) = -0.7, as opposed to  b0
(1) / b0
(0) = -1.65, implies that 
the difference between cubic and quadratic fits are more pronounced for E0 as is apparent 
in Figure 7. It is important to understand the origin of this difference, since it is critical 
for the shift in yc relative to purely quadratic fits. For this we write 
 
b0
(1) = bΓc ,c
(1) + bΓc ,v
(1)⎡
⎣
⎤
⎦ − bΓv ,v
(1) + bΓv ,c
(1)⎡
⎣
⎤
⎦  and  
bind
(1) = bLc ,c
(1) + bLc ,cv
(1)⎡
⎣
⎤
⎦ − bΓv ,v
(1) + bΓv ,c
(1)⎡
⎣
⎤
⎦ , where each of 
the square brackets corresponds to a state involved in the transition, and the contribution 
from each state is split into two terms (subscripts c and v) corresponding to writing the 
DOS in Eq. (2.3) as a sum of conduction and valence band contributions ρat(E′) = 
ρat,c(E′)+ ρat,v(E′). The inset to Figure 8 shows the energy shifts associated with the 
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different contributions to  b0
(1)  and  bind
(1) . The thick grey bars represent the shift of each 
state, and the thin black and white bars its decomposition into conduction and valence 
band contributions, respectively. We notice that both gaps are increasing. This illustrates 
the fact that  b0
(1)  and  bind
(1)  are found to be negative. However, the effect is much larger for 
the direct gap, and this is mainly associated with the positive shift caused by the 
interaction of the Γc state with the conduction band (thin black bar), which is almost 
twice that of the Lc state. The origin of this different behavior can be traced back to the 
fact that in pure Ge the Γc state is only 55 meV below the Δc minimum in the conduction 
band, so that we can expect a strong repulsion between the two states. By contrast, the 
separation between Δc and Lc is 200 meV, so that the repulsion is weaker. The Δc state is 
found at similar energies in Si, Ge, and α-Sn, which implies that its compositional 
dependence is weak. On the other hand, when y increases the Γc state shifts rapidly down, 
increasing its separation from Δc and therefore reducing the level repulsion with this 
state. This is represented by a positive large bar in the Figure 8 inset, or, equivalently, by 
a large, negative 
 
bΓc ,c
(1)
 
coefficient. By contrast, in the case of the Lc state the level 
repulsion change is greatly diminished by the fact that the initial separation at y = 0 is 
already relatively large, and also by the fact that the Lc state moves down more slowly 
than Γc as a function of y. Thus the corresponding black bar is much smaller, which 
means 
 
bLc ,c
(1) <  
 
bΓc ,c
(1) . Since these derivative-like subtleties in the Ge DOS have a strong 
impact on the value of   b0
(1)  and  bind
(1) , it is not surprising that supercell calculations using 
different band structure methods make wildly different predictions, ranging from  b0
(1)  = -
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5.6 eV (Ref. 151) to  b0
(1)  = -0.9 eV (Ref. 152).  It is now possible to speculate on the 
reason why experimentally we find 
 
b0
(0) > 2 bind
(0) , whereas our theory predicts 
 
b0
(0)  bind
(0)
. It is apparent from Figure 8 that in the relevant energy scale of the DOS, the energy 
separation between Lc and Γc is too small to obtain a large difference in bowing 
parameters for E0 and Eind using constant matrix elements. However, if the coupling with 
Δc is stronger than with other states, it is conceivable that a large difference in bowing 
parameters might result even for these closely lying states.  
With an accurate determination of yc completed, the next aim of the PL 
investigation is to enhance the light emission from Ge1-ySny/Ge/Si(100) materials.  
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4. Enhancing Ge1-ySny Light Emission 
Thus far it has been demonstrated that one method for improving light emission 
of Ge1-ySny alloys is to grow them on Ge-buffered Si templates to reduce the density of 
threading dislocations that act as non-radiative recombination traps. In this section the PL 
enhancement results from five other methods, two growth-based and three processing 
techniques, will be discussed. These methods consist of growing thicker films, heavily 
doping the material n-type in the 1019-1020 cm-3 range, rapid thermal treatments (RTA), 
classical furnace annealing treatments, and passivating the surface with hydrogen plasma.  
Growing thicker films is advantageous for light emission because this increases 
the volume fraction of material removed from the defective interface between Ge1-ySny 
and Ge, increasing the amount of high quality material available to emit light. Figure 9 
displays the optical performance enhancements available through the growth of thicker 
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PbS detector. Note the significant emission enhancement and renormalization of the peak to lower energy 
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materials. Fixing the composition at ~4.5% Sn, the PL intensity increases by 
approximately a factor of 4 when the thickness is slightly more than doubled. 
Doping nearly-direct gap group-IV materials n-type to carrier densities in the 
degenerate limit have been shown in to produce enhanced light emission by elevating the 
quasi Fermi level in the conduction band.38,132,153 The left panel of Figure 10 illustrates 
the effect of an elevated Fermi level on the emission by comparing the PL spectra from n-
type (n ~ 1019 cm-3) and intrinsic samples containing ~9.5% Sn and similar thicknesses. 
The n-type sample shows a peak that is ~7x more intense than the analogous intrinsic 
sample, which is in agreement with previous intensity enhancements reported in Ref. 38 
on doped and undoped Ge films that purported n-type doping nearly direct gap group-IV 
materials enhances the emission by an order of magnitude. Additionally, the n-layer peak 
is redshifted slightly to a lower energy. This is also expected due to band gap 
renormalization that takes place at the high doping levels employed here.132 The PL 
spectra from n-type samples are modeled using the same procedures described in the 
previous section, yielding E0 and Eind energies as a function of composition and doping in 
these materials. The right panel of Figure 10 plots the E0 and Eind energies measured from 
a set of n-Ge1-ySny/Ge/Si(100) samples as colored points. The color scale corresponds to 
the doping density of the alloy in the range of 1-6×1019 cm-3. The solid lines in the figure 
are the cubic fits to the E0 and Eind data for the i-Ge1-ySny samples discussed in the 
previous section that intersect at yc = 0.087. Each n-type sample shows a E0 that is 
systematically lower than the expected E0 energy for an intrinsic Ge1-ySny sample by ~32 
meV. This is in agreement with previous measurements of the band gap renormalization 
in group-IV materials due to n-type doping at these levels.38,132,153  
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Processing-based techniques such as thermal annealing and surface passivation 
treatments can also produce PL emission enhancement. RTA treatments induce stronger 
light emission by annihilating deleterious threading dislocations. This process is carried 
out by performing a series of quick heating and quenching cycles. A typical process 
begins by ramping the temperature from ambient to a high target value (400-900oC) in 
30-50 seconds, followed by a hold step at the target for 3-10 seconds, and ended with a 
rapid cooling to lower temperatures within 60 seconds. The cycle is then repeated 2-3 
times. The motivation for performing furnace anneals is the same as in the case of the 
RTA treatments: applying heat to a crystal eliminates dislocations. Furnace annealing 
however offers a thermal profile that is less aggressive with longer annealing times at 
lower temperatures, allowing a means to handle the increasing metastability of Ge1-ySny 
materials with higher Sn concentrations. Finally, surface passivation by hydrogen 
plasmas have been demonstrated to assist with light emission from Ge1-ySny and Ge1-xSix 
semiconductors and this method is discussed here.132,154    
As a control for the processing based experiments, two Ge0.94Sn0.06 samples are 
run in parallel to test reproducibility of the results. In the following text, tables, figures, 
Figure 11: Raw PL data from sample A (left) and sample B (right) comparing the as-grown and post RTA 
processing at 600oC spectra. This produces an intensity enhancement of ~1.2x in each sample. 
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and captions these will be referred to as sample “A” and sample “B.” Table I summarizes 
the as-grown properties of samples A and B: 
TABLE I: Material science properties of samples A and B prior to any processing treatment. 
 Sample A Sample B 
Thickness (nm) 735 675 
a0 (Å) 5.7052 5.7076 
Strain (%) -0.1279 -0.0880 
(004) FWHM (arcsec) 650.16 719.28 
Sn by RBS (%) 6.0 6.1 
Sn by XRD (%) 6.2 6.5 
Following characterization of the as-grown films the various PL enhancing treatments 
(RTA, furnace anneal, and hydrogen plasma passivation) are performed on the samples 
and they are subsequently characterized by XRD along the Bragg (004) and (224) 
reflections to measure any changes in strain, composition, crystal structure, and film 
quality. Following this characterization, the PL is measured with the LN2 cooled InGaAs 
detector.  
The RTA process used on these samples is a series of 3 cycles at 600oC for 2 
seconds. Previous experience working with Ge1-ySny samples showed that for 6% Sn 
alloys this is the highest temperature the sample can be exposed to before phase 
segregation begins through Sn precipitation, based on XRD (004) reflections. Table II 
summarizes the properties of the samples post-RTA treatment. Figure 11 shows the PL 
response from the 600oC RTA treated samples overlaid with the as grown samples PL.  
TABLE II: Post-RTA treatment properties of samples A and B. 
 Sample A Sample B 
a0 (Å) 5.7048 5.7059 
Strain (%) -0.0761 -0.1021 
(004) FWHM (arcsec) 650.52 684.00 
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From Figre 11 we see an enhancement in the PL intensity of ~100 µV for each sample 
out of an intensity of 600 µV, corresponding to an intensity enhancement of ~1.2x.  
The second annealing technique is performed in a 3-zone CVD tube furnace 
reactor for a longer period of time at a lower temperature than those used in the RTA 
process. 
TABLE III: Materials properties of samples A and B after the 30-minute furnace annealing treatment. 
 Sample A Sample B 
a0 (Å) 5.7044 5.7060 
Strain (%) -0.1702 -0.1802 
(004) FWHM (arcsec) 613.80 699.84 
 
The sample is loaded into the CVD chamber after the chamber has been passivated by a 
flow of Si3H8 for at least 30 minutes to prevent memory effects from any previous growth 
conducted in the reactor that may affect the samples. The temperatures applied to the 
zones are: 425oC, 450oC, and 450oC for zones 1,2, and 3 respectively. The sample sits in 
zone 2 for 10-30 minutes during the process while H2 is dynamically pumped through the 
chamber from zone 1 to 3 by a process turbo pump, maintaining a pressure of 100 mTorr. 
Figure 12: Raw PL data from sample A (left) and sample B (right) annealed via CVD compared with the as 
grown A and B counterparts. The CVD process ceases to improve emission performance beyond a 30 
minute anneal. This produces ~1.5x intensity enhancement. 
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Table III summarizes the properties of the samples post-CVD annealing after a 30-minute 
process. Figure 12 shows the PL response of CVD annealed samples overlaid against the 
as grown sample PL. From Figure 12 we see an improvement in the PL emission over the 
RTA processed samples. The intensity enhancement seen here is ~300 uV for each 
sample after both the 10 and 30-minute processes, corresponding to ~1.5x intensity 
enhancement of the PL signal. Note that the 10 and 30-minute processes produce 
comparable intensities. Therefore 30 minutes can be viewed as the ceiling time for this 
process beyond which significant improvements in the crystal quality that enhance the PL 
emission will not be produced. 
The third technique exposes the sample to a hydrogen plasma in an inductively 
coupled plasma (ICP) etch tool. Typically this tool is intended to process semiconductor 
devices by selectively etching features in conjunction with lithography processes. 
TABLE IV: Material science properties of samples A and B after a 10 minute hydrogen plasma treatment. 
 Sample A Sample B 
a0 (Å) 5.7049 5.7069 
Strain (%) -0.1452 -0.0831 
(004) FWHM (arcsec) 692.64 745.20 
 
This is accomplished by cooling the backside of the sample through a flow of He gas 
while forming a plasma of a highly reactive gas over the sample that is accelerated by a 
potential difference toward the sample surface. This enables etching to be done through a 
combination of chemical and bombardment mechanisms. To use this tool for surface 
passivation, the backside He cooling is turned off along with all other reactive gas flows, 
admitting only H2 into the chamber during the process. Before loading the sample, an O2 
clean is performed on the chamber and ceramic chuck the sample sits on during the 
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process to get rid of any potential contaminant materials on the chamber walls and chuck 
from previous processes run by other users. This is analogous to the Si3H8 passivation of 
the CVD furnace. After performing the O2 clean, the sample is loaded into the chamber 
and the process forms a hydrogen plasma at a pressure of 90 mTorr by applying a RF 
frequency power of 300W in the coil region above the sample and 50W in the platen 
region level with the sample. Spectroscopic ellipsometry measurements of the film 
thickness after this process found that the hydrogen plasma etches the surface at a rate of 
~5 nm/min under these conditions. Table IV summarizes the properties of the samples 
after a 10-minute exposure to hydrogen plasma.  
Figure 13 displays the PL response of ICP-treated samples for 1-15 minute 
processes. From Figure 13 we see PL intensity enhancements ranging 3-6x the as grown 
intensity by applying this ICP procedure. For the short 1-minute processes there is no 
significant difference between the as grown and ICP processed samples. For sample A, 
there is no significant difference between the 5 and 10-minute exposures, with a slight 
improvement seen in the 15-minute process. All three of these processes for sample A 
Figure 13: Raw PL data from sample A (left) and sample B (right) ICP annealed. Short processes of 1 
minute don’t have much of an effect on emission, while longer processes of 5-15 minutes show significant 
emission enhancement. 
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yielded intensity enhancements ~6x that of the as grown sample. In the case of sample B 
the PL intensity improved by factors of ~4x to ~5x between the 5 and 10-minute 
processes, respectively. However, the 15-minute process exhibits an enhancement factor 
of only ~3x over the as grown spectrum. It is likely that this process produces 
diminishing returns beyond a 10-minute plasma exposure because a significant fraction 
of the film will have been etched away beyond this point. This is likely the case for 
sample B’s 15 minute exposure. The intensity increases observed here are attributed to 
passivation of the surface dangling bonds by hydrogen, which lowers the surface 
recombination velocity, promoting increased radiative recombination in the sample bulk.  
Enhancement of the PL intensity in samples treated by hydrogen plasma has also 
been documented in the case of α-Si/α-Si1-xNx quantum well superlattices grown by 
plasma enhanced CVD.155 In these systems the main source of non-radiative 
recombination is the dangling bonds that appear at the interfaces between successive α-Si 
and α-Si1-xNx layers.156,157 The authors demonstrated that treating the surface with a 
hydrogen plasma between the supperlatice layer growths improved the PL intensity. 
Electron spin resonance (ESR) measurements demonstrated a decrease in the number of 
Figure 14: Raw PL data from sample A (left) and sample B (right), comparing the emission of the most 
optimized spectra from all annealing techniques discussed here. 
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non-radiative defect centers as well in samples treated with hydrogen plasma between 
layer growths. 
Figure 14 compares the optimal processing conditions across the three processing-
based light enhancement techniques presented. The ICP annealing process produces the 
most enhancement out of the three types of treatments. To understand why this surface 
treatment has such a profound effect on the emission, atomic force microcopy (AFM) 
was performed to assess the surface morphology. Figure 15 compares the surface 
morphology of the sample before and after a 10-minute ICP etch. It is clear that the 
surface has roughened substantially after the ICP treatment. The as-grown film has a 
RMS roughness of only 6.2 nm over the 20 µm × 20 µm window while the roughness of 
the sample after the plasma exposure is 11.5 nm. The surface of the ICP treated film 
appears to show troughs and peaks that form very rough 90o intersections reminiscent of 
cross-hatch patterns commonly seen on the surface of films grown on a substrate with a 
Figure 15: AFM of a sample as grown (Left) before a 10-minute ICP treatment (Right). 
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small lattice mismatch. This suggests that the etching of the film may preferentially 
propagate farther down the cross-hatch valleys than over the peaks. Since the ICP process 
is a surface treatment, and the material science in Table IV is not very different than the 
as grown data, it unlikely that the enhancement observed is due to defect relief as in the 
case of annealing, or strain relaxation of the residual compressive stress that would 
produce a more direct gap material. What is more likely the case for the increased 
emission is that a fresh hydrogen-terminated surface is continually formed during the ICP 
process once the initial native oxide surface is removed by the etching. In the case of 
samples that have been exposed for 5-10 minutes, this only removes the top 25-50 nm of 
material.  
Overall, n-type doping Ge1-ySny alloys by in-situ methods produced the highest 
performing PL emission. As discussed above, the intensity enhancement from n-doped 
materials routinely approaches an order of magnitude. Unfortunately however, it was 
found that a combination of the processing techniques with n-doped materials did not 
yield any further enhancements. N-type materials are not compatible with annealing 
treatments because P and As dopants in Ge-like materials have very high diffusion 
coefficients. So as defects are removed, so are the dopants. Also, there was virtually no 
change in PL intensity when n-type samples were exposed to the optimal ICP treatment. 
This is likely due to the surface charge inversion that occurs for Ge-like narrow band gap 
materials. In the case of n-type Ge, it has been shown that to maintain charge neutrality 
the region near the surface becomes p-type.158 This effectively produces a pn junction 
that forms an energy barrier at the surface, keeping free carriers in the bulk material and 
away from the nonradiative dangling bonds at the surface. This likely explains why 
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shallow donors in Ge appear to be insensitive to hydrogen treatments because the 
dangling bond centers exist near the mid-gap, so the pn junction also prevents the 
hydrogen ions from penetrating into the material as well. To date, all known attempts to 
passivate shallow donors in Ge using hydrogen have been unsuccessful.159 A combination 
of processing techniques, such as RTA/CVD annealing of intrinsic samples followed by 
ICP, was also found to not produce noteworthy PL intensity enhancements relative to the 
samples that were just ICP treated.  
5. Conclusion 
In summary of Chapter II (A), the indirect to direct gap crossover for Ge1-ySny 
alloys was determined to be yc = 0.087. This result was made possible by advances in the 
growth of high quality samples on Ge-buffered Si(100) platforms that produced clear PL 
signals allowing precise line shape modeling of the spectra E0 and Eind features. Routes to 
optimized PL emission were explored by growing thicker films, heavily doping the 
materials n-type, annealing by RTA and in a tube furnace, and treating the surface with a 
hydrogen plasma. Overall n-type materials show the strongest emission. 
B. Optical and Electronic Properties of Ge1-ySny pin Diodes 
1. Introduction 
The PL study in part (A) of this chapter determined an indirect-to-direct-gap 
transition at yc = 0.087 for Ge1-ySny alloys, confirming this system to be an intriguing 
alternative to Ge for purely group-IV interband lasers that can be easily integrated onto 
Si-platforms.134,160 The required Sn concentration to achieve direct gap conditions is 
much less than originally predicted by theory,84,85 which should facilitate the fabrication 
of appropriate pn junction devices as the first step towards electrically injected Ge1-ySny 
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lasers, following the recent demonstration of optically-pumped devices.110 However, 
systematic studies of light-emitting diodes at and beyond the indirect-to-direct threshold 
are still lacking. After the initial report of electroluminescence (EL) from Ge0.98Sn0.02 
diodes by Roucka et al.(Ref. 106), several groups have observed EL from Ge1-ySny 
devices,161,162,163,164,165,166 but the highest reported Sn concentration in those devices is y = 
0.08, still below yc. A significant issue to be reckoned with in reaching high 
concentrations is the strong compositional dependence of the lattice parameter. Even at 
the modest yc = 0.09 value, the lattice mismatch with pure Ge is 1.2%, a very substantial 
amount. Fully strained Ge1-ySny films on relaxed Ge buffer layers cannot exceed the 
critical thickness for strain relaxation. For yc = 0.09 this critical thickness is less than 10 
nm, and even the metastable critical thickness at typical Ge1-ySny growth temperatures is 
estimated to be less than 100 nm.131 In addition, the compressive nature of the mismatch 
strain makes the material more indirect, which is undesirable for light emission. Strain-
Figure 16: Schematic illustration of the basic heterostructure (n-Ge1-xSnx/i-Ge1-ySny/p-
Ge1-zSnz) diode grown on Si. The composition of the bottom layer is varied so that 
devices are produced that contain either a single defected interface or no defective 
interfaces.  
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relaxed films can be grown much thicker and have a band line-up more favorable to light 
emission, but at the price of generating misfit dislocations that increase the non-radiative 
recombination rate. 
This section of the chapter is devoted to discussing the optical and electronic 
properties of Ge1-ySny pin diodes as a function of i-layer composition and microstructure. 
Devices containing 0-14% Sn in the active layer are fabricated. Based on the 
microstructural properties, two types of devices are presented. In the first type of pin 
device, a mostly relaxed i-layer is produced directly on a n-Ge buffer akin to the samples 
produced in the previous PL study. In this type of structure the samples are produced so 
that only one layer has a strain-relaxed interface where misfit dislocations are present. 
The second set of samples investigates the effect on performance when misfit 
dislocations are removed by creating samples with no strain-relaxed interfaces.  
2. Growth and Materials Properties of Ge1-ySny pin Devices 
Figure 16 shows a schematic diagram of the light emitting diode (LED) design.  
All structures are grown on Ge-buffered Si substrates. They include a thick Ge1-xSnx 
bottom contact layer doped n-type, a thin intrinsic Ge spacer, a nominally intrinsic Ge1-
ySny region, and a p-type Ge1-zSnz top electrode.  The choices y > x and y > z promote 
carrier confinement in the i-layer, and the latter also improves light extraction. However, 
as discussed in the introduction, they can lead to defects associated with the strain 
relaxation. In all cases, y and z are chosen in such a way that the i-p interfaces are 
pseudomorphically lattice-matched, with no strain relaxation.  This allows us to 
concentrate on a single interface, namely that between the i-Ge1-ySny and the n-Ge1-xSnx 
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layers, for which the Sn concentrations are chosen in such a way that fully 
pseudomorphic as well as strain-relaxed structures can be compared.  
All samples in this study were produced using a CVD approach based on high 
reactivity Ge3H8 and Ge4H10 precursors. This method yields active Ge1-ySny layers with 
thicknesses of 400-700 nm that are mostly relaxed of misfit strains. The very low 
temperature growth process in this case generates relatively benign edge-type 
dislocations and short stacking faults penetrating down into the buffer layer rather than 
propagating upward into the active region. This is in contrast to most MBE samples, 
where the active components are either compressively strained as grown on Ge-buffered 
Figure 17: SIMS elemental profile of a typical Ge0.93Sn0.07 sample showing a uniform 
distribution of Ge and Sn atoms across the entire sequence of device layers as expected. The P 
atom content is constant through the n region and drops sharply down to noise levels through 
the intrinsic layer precluding the possibility of inter-diffusion or cross contamination from the 
reactor ambient. Sample and data produced by Charutha Senaratne. See J. D. Gallagher, C. L. 
Senaratne, C. Xu, P. Sims, T. Aoki, D. J. Smith, J. Menéndez, and J. Kouvetakis, Journal of 
Applied Physics, 117, 245704 (2015). 
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Si or highly defected. Devices grown using conventional CVD precursors contain 
relatively thin active layers (200 nm),166 which are also susceptible to significant strain 
effects. On the basis of the above benefits we have been able to produce diodes in the 
previously unexplored 9-12% Sn direct-gap regime. These diodes exhibit strong, tunable 
electroluminescence and superior electrical response irrespective of composition. 
In the case of devices where the Sn content of the bottom contact was 0% (x = 
0.00 in Figure 16), the fabrication begins with the growth of a Ge layer thick enough that 
contacts could be made far from the Si/Ge interface. Layers with carrier densities of ~ 
2×1019 cm-3 and thicknesses of 1-1.5 µm were grown on 4” Si (100) wafers using a single 
wafer gas-source molecular epitaxy (GSME) reactor and Ge4H10 as the source of Ge.61 
The doping was achieved by adding P(GeH3)3 to the reaction mixture.132 The resultant Ge 
layers were annealed in situ at 650oC for 3 minutes to reduce the density of threading 
defects and then characterized to ensure their suitability for subsequent epitaxy of device 
components. The wafers were then cleaved into quarter segments, dipped in 5% HF to 
remove Ge surface oxides, and loaded into a UHV-CVD reactor for depositions of Ge1-
ySny intrinsic layers with 0 ≤ y ≤ 0.14.  For samples with 0.02 ≤ y ≤ 0.08, a further 
cleaning step was performed by flowing 5% Ge2H6 at 30 mTorr for 5 min.  For samples 
with y > 0.08 this procedure was insufficient to prevent formation of deleterious surface 
defects, which become more prevalent with increasing thickness above 350 nm and 
interfere adversely with subsequent device fabrication.  To mitigate this problem an 
additional Ge spacer layer was grown in situ on top of the Ge buffer using Ge3H8 to 
generate a fresh surface devoid of structural imperfections.  The growth of this layer was 
started at 340°C, allowed to proceed for 15 minutes, and then continued while the reactor 
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was cooled to the required growth temperature of the target Ge1-ySny intrinsic layers.  The 
latter were grown between 300°C and 285°C, depending on composition in the range of 
8-11% Sn using appropriate mixtures of Ge3H8, and SnD4. The ratio of these precursors 
and other growth parameters such as temperature were adjusted in order to achieve the 
target composition under optimal conditions, as described in detail in Refs. 131 and 132. 
By following this strategy it was possible to obtain intrinsic Ge1-ySny active layers with 
thicknesses of 400-700 nm and strain relaxation states up to 75-80% grown on the n-type 
virtual Ge substrates. 
The final stage of the device production was the growth of the p-type top layer. 
Prior to this step, the n-i layers were characterized by high resolution XRD and 
spectroscopic ellipsometry to ensure that the crystallinity, thickness and composition 
Figure 18: (224) reciprocal space maps of devices with intrinsic layer compositions Ge0.89Sn0.11 
(left) and Ge0.915Sn0.085. (right).  The p- and i-layers are nearly lattice matched in the plane of growth 
as shown by the vertical alignment of the peak maxima along the dotted lines in both panels. 
Sample and data produced by Charutha Senaratne. See J. D. Gallagher, C. L. Senaratne, C. Xu, P. 
Sims, T. Aoki, D. J. Smith, J. Menéndez, and J. Kouvetakis, Journal of Applied Physics, 117, 
245704 (2015).   
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were suitable for the fabrication of the intended devices. Subsequently, the samples were 
chemically cleaned and loaded into a dedicated CVD system for growth of the p-type 
electrode using diborane (B2H6).  The Ge2H6 clean was again used in this case to prepare 
an epi-ready free surface. Appropriate concentrations of Ge2H6 and SnD4 were combined 
with H2 diluent to produce reaction mixtures. B2H6 was introduced separately using a 
calibrated mass flow device to ensure systematic control of the dopant concentrations in 
the layers. For devices with Sn concentrations ranging from 2% to 5%, the intrinsic layer 
and the top electrode possess the same composition (y = z).  For devices with higher Sn 
contents 0.07 ≤ y ≤ 0.14, the p-layer Sn content was kept in the range of z ~ 0.05.  These 
were grown at temperatures of 330-320°C, which are higher than the 290-285oC range 
for the corresponding i-layers, so that this step also acts as a thermal treatment to further 
reduce any residual compressive strain in the high Sn content samples. In all cases the p-
layers were fully strained to the intrinsic regions, creating pseudomorphic i-p junctions 
devoid of interfacial defects.  After completing the entire device stack, the samples were 
once again characterized by XRD and ellipsometry to measure strain, thickness and 
doping concentrations. Further analysis by RBS was used to corroborate the thickness 
and composition. 
In order to produce bottom contact layers with x > 0.00, a n-type layer with 
thickness of ~ 400 nm and a composition approaching 6-7% Sn was grown by UHV-
CVD on a Ge-buffered silicon substrate. In this case, P(SiH3)3 was used as the source of 
P atoms. Next, a 550 nm-thick Ge0.93Sn0.07 intrinsic layer was grown in situ and followed 
by a p-type top-contact layer incorporating a similar amount of Sn and a thickness of 120 
nm. The latter was doped using diborane (B2H6). The donor (P) and acceptor (B) levels in 
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the resultant films were measured using spectroscopic ellipsometry to be in the range of 
3×1019 cm-3. The P and Sn atomic distribution in the pin region was analyzed by 
Secondary Ion Mass Spectroscopy (SIMS). Figure 17 shows that the P profile is flat 
across the n-contact layer and drops below the detection limit at the n-GeSn/i-GeSn 
interface.  The sharp transition in the amount of P indicates that no diffusion or 
segregation of the dopant atoms has occurred. The flat and continuous Sn profile in the 
figure reveals that the distribution of Sn is uniform and the mass counts are very similar 
across the entire pin region, providing strong evidence that the constituent layers exhibit 
closely matched Sn compositions. This observation is corroborated by RBS and XRD 
measurements which show that the alloy layers in the stack exhibit very similar lattice 
parameters and Sn concentrations approaching 7% in all cases. 
Figure 18 shows HR-XRD reciprocal space maps (RSM) of the (224) reflection 
for representative devices with intrinsic layer compositions Ge0.915Sn0.0.85 and Ge0.89Sn0.11 
in the vicinity of the indirect-to-direct gap transition.  These devices are grown on 1.2 µm 
thick Ge buffers and are capped with ~150-200 nm thick p-type top-layers containing 4-
5% Sn and 1-2 ×1019 cm-3 activated B atoms. The figure shows diffraction maps of the 
entire device stack comprising n-Ge, i-Ge, i-GeSn and p-GeSn layer sequence. The maps 
are well defined, narrow, and highly symmetrical. This indicates that the samples are 
single-phase materials exhibiting comparable crystal quality and similar strain properties 
irrespective of Sn content.  For each layer, the in-plane and out-of-plane lattice 
parameters a and c are obtained from the (224) peaks. The latter can also be extracted 
from the (004) reflections, and the two values are found to be in excellent agreement. 
Using a and c, a simple elasticity calculation—as described in Ref. 89—gives the relaxed 
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cubic lattice parameter a0, from which the strain ε = (a-a0)/a0 is computed. The Sn-
concentration can also be extracted from a0 (Ref. 89), and the value so obtained agrees 
with the RBS simulations. The combined n- and i-Ge buffers in both samples in Figure 
18 exhibit residual tensile strains of ~ 0.15%, as shown by their common (224) peak 
maxima located slightly above the relaxation line.  The top i- and p-Ge1-ySny layers of 
each device exhibit widely 
separated (224) peaks along the 
Qy direction, as expected due to 
their dissimilar Sn contents. The 
(224) peak maxima are vertically 
aligned along the pseudomorphic 
direction (marked by dotted lines) 
indicating that i-Ge1-ySny and p-
Ge1-zSnz components are lattice-
matched and fully strained to one 
another.	  	  The i-Ge1-ySny layers 
exhibit residual compressive 
strains of ~ 0.30%. This 
corresponds to a strain relaxation 
of 75-77%. The top p-type 
electrodes are tensile strained by ~ 
0.5% to the underlying i-Ge1-ySny.   
Figure 19: XTEM images of a n-Ge/i-Ge0.895Sn0.105/p-
Ge0.95Sn0.05 device grown upon Si(100). The top image shows 
the entire three-layer stack illustrating a smooth surface and a 
defected bottom interface. A magnified view of the latter is 
presented in the image below showing random distribution of 
edge-type dislocations and short stacking faults confined 
within the interface region. Sample produced by Charutha 
Senaratne. See J. D. Gallagher, C. L. Senaratne, C. Xu, P. 
Sims, T. Aoki, D. J. Smith, J. Menéndez, and J. Kouvetakis, 
Journal of Applied Physics, 117, 245704 (2015). 
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Additional structural characterizations were performed by cross-sectional 
transmission electron microscopy (XTEM) using a JEOL−4000 EX microscope. Insights 
into the local microstructure provide correlations between crystal quality and device 
properties, leading to improvements in design and performance. The micrograph in 
Figure 19 shows a low magnification image of the entire sequence of the n-Ge, i-Ge, i–
Ge0.895Sn0.105, and p-Ge0.95Sn0.05 device layers. The free surface of the stack is flat and the 
top interface is defect free, since the p-type top layer grows fully strained to the intrinsic 
counterpart, despite their compositional difference. The bottom interface between Ge and 
Ge0.895Sn0.105 is highly defected due to extensive relaxation of the highly concentrated 
alloy. The layer thickness is ~ 450 nm, far exceeding the critical value, making strain 
relaxation unavoidable even under the metastable growth conditions applied in this 
case.131 The defects in the samples are primarily edge dislocations and short stacking 
faults which do not thread upward into the active region, but penetrate downward a short 
distance into the buffer.  
 Aberration-corrected imaging was also employed using a JEOL ARM 200F 
microscope to further study the local microstructure and identify the types and 
distribution of dislocations generated at the mismatched interface of these devices. The 
bright field image in the top panel of Figure 20 corroborates the previous observation in 
Figure 19 that the top p-type layers are grown defect-free fully strained to the underlying 
intrinsic counterparts. The white band across the middle region of the image marked by 
the arrow is due to strain contrast associated with the pseudomorphic growth. The middle 
panel image shows that the bottom interface contains several defected spots appearing as 
dark contrast features that correspond to 60o dislocations and short stacking faults. These 
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latter defects are randomly distributed along the interface plane and penetrate down a 
short distance into the Ge layer. The bottom panel of Figure 20 shows two {111}-type 
stacking faults originating at the 
interface and intersecting inside the 
buffer layer. These defects and the 60o 
dislocations represent the commonly 
found defects that compensate the 
misfit strain in these device structures. 
The microstructure illustrated in 
Figure 20 is common to all 8-11% Sn 
samples grown on relatively higher 
mismatched Ge platforms. 
Devices were fabricated using 
protocols similar to those employed for 
Ge1-ySny/Si prototypes in prior work.106 
The samples in this study were first 
coated with a protective SiO2 layer to 
allow patterning of the device 
architectures. For samples with y < 
0.08 the SiO2 depositions were 
conducted at 350oC, while for y > 0.08 
the temperature was lowered to 250oC 
to prevent possible Sn precipitation that may occur due to the thermal environment. All 
Figure 20: XSTEM images of the interface 
microstructure of a Ge0.93Sn0.07 device.  (a) Top defect 
free interface between fully strained intrinsic and p-type 
Ge1-ySny layers.  (b)  Micrograph of bottom intrinsic-(n) 
interface showing edge dislocations and short stacking 
faults appearing as dark contrast areas along the 
heterojunction. (c) Enlarged view of two stacking faults 
crossing down into the Ge buffer along distinct {111} 
planes. Sample produced by Charutha Senaratne. See J. 
D. Gallagher, C. L. Senaratne, C. Xu, P. Sims, T. Aoki, 
D. J. Smith, J. Menéndez, and J. Kouvetakis, Journal of 
Applied Physics, 117, 245704 (2015).  
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samples were processed into circular mesas with sizes varying from 50-500 µm in 
diameter. The patterns were first outlined by photolithography and then etched down 
250-600 nm into the n-Ge1-xSnx contact layer by reactive ion methods using a BCl3 
plasma source. The protective oxide coating was removed and a second passivating oxide 
layer was deposited. The thickness of the latter was chosen to minimize the reflectance of 
SiO2 to photons with energy equal to the alloy band gap. Accordingly, the thickness of 
this layer was monotonically increased from 290-470 nm for samples with Sn 
compositions varying from 2-11%. The devices were then exposed to photolithography to 
pattern metal contacts for the top and bottom electrodes. The contacts consist of 20/200 
nm Cr/Au layer stacks deposited by electro-thermal evaporation. The metal pads were 
lastly defined as circular rings using an acetone liftoff process. All samples were 
subjected to a final cleaning step using oxygen plasma to remove residual photoresist 
contaminants prior to EL measurements.    
3. Theoretical Model of Ge1-ySny pin Diode Electroluminescence Spectra for 
Carrier Lifetime Analysis 
From a theoretical perspective, an attractive feature of these devices is that the EL 
signal is almost exclusively due to the i-Ge1-ySny layers, whereas PL experiments from 
the same structures reveal contributions from all layers reached by the incident light, 
including the bottom n-type layer and sometimes even the Ge buffer in contact with the 
Si substrate. Since the n-buffer/i-layer interface can be carefully engineered, EL provides 
an ideal optical probe for such interfaces. 
If the thickness of the intrinsic layer is di, the power per unit device area emitted 
into an external solid angle dΩ is given by: 
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, (2.6) 
 
where we use the standard notation for fundamental physical constants, αi(E) is the 
absorption coefficient of the intrinsic layer at energy E, Si(E) a reabsorption correction 
for the same layer, Tp the transmittance of the top p-layer, T the absolute temperature, and 
ΔF = EFc – EFv is the difference between quasi-Fermi levels in the conduction and 
valence bands of the intrinsic layer. Eq. (2.6) follows from a generalized van 
Roosbroeck-Shockley expression that is calculated as in Ref. 134. For the LED 
applications we take into account the fact that the depth of focus of our collection optics 
far exceeds the thickness of the i-layer, and we make the additional assumption that the 
injected carrier density is uniformly distributed over the i-layer, which should be a very 
good approximation because the carrier diffusion lengths are longer than di. Within this 
framework, the reabsorption correction is given by 
. Furthermore, , where 
αp is the absorption coefficient of the top p-layer and dp its thickness.  
The steady-state carrier concentration in the i-layer under forward bias is given 
by:135  
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where J is the current density, e the electron charge, and τ the total recombination 
lifetime. These carrier concentrations determine the quasi-Fermi levels EFc and EFv that 
are needed for the computation of Eq. (2.6). For the conduction band, we include the 
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contribution from the two nearby minima located at the L and Γ points of the Brillouin 
zone. In Figure 21 we show the calculated population ratio nΓ/nL as a function of the total 
carrier concentration n = nΓ + nL for different Ge1-ySny alloys. The compositional 
dependence of the valley energies is taken from Ref. 160. It implies an indirect-to-direct 
(L absolute minimum equal to Γ absolute minimum in the conduction band) crossover at 
yc = 0.087. We see that at room temperature only a very small fraction of the carriers 
Figure 21: Computed ratio nΓ/nL between the Γ- and L-valley populations at 300 K 
shown as a function of the total carrier concentration n = nΓ + nL for several Ge1-
ySny alloys. The model assumes parabolic bands with effective masses extrapolated 
from pure Ge values using k·p theory. Notice the change of slope at y = 0.09, where 
the alloy becomes a direct gap semiconductor. 
 66 
occupy the Γ-valley, even for nominally direct gap alloys. There is, however, a 
switchover from positive to negative slope at y = yc. The total recombination lifetime is 
given by contributions from non-radiative (defects and Auger), and radiative 
contributions: 
 
, (2.8) 
 
 
The Auger coefficient in intrinsic Ge is γ3 =1.1×10-31 cm6/s.167 For typical values of n in 
our experiments (n ~ 2 ×1018 cm-3, see below), the Auger-limited lifetime is about 2 µs. 
This is about an order of magnitude longer than the actually measured lifetime (see 
below), so that Auger contributions play a minor role in our experiments. The radiative 
contribution can be neglected in an indirect gap material. However, in our case there is a 
partial occupation of the Γ-valley. The radiative decay is then given by the weighted 
average 
 
, (2.9) 
 
 
where the valley weights in parenthesis can be trivially written in terms of the nΓ/nL ratio 
in Figure 21. For y = 0.12 and n = 2 ×1018 cm-3, nΓ/nL = 0.019. For such concentration we 
estimate τrad,Γ ~ 20 ns. (Ref. 135) Neglecting the indirect contribution, this gives τrad ~ 1.1 
µs. Again, this is much longer that the lifetimes determined experimentally below, so that 
radiative recombination can be ignored. The important conclusion then is that the 
recombination lifetime is dominated by the defect term A in Eq. (2.8), which is a constant 
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independent of the carrier concentration. Thus we can assume, from Eq. (2.7), that the 
injected carrier density is directly proportional to the diode current. This assumption will 
be used below to fit the experimental results to Eq. (2.6). 
 It has been argued in Ref. 38 that for Ge-on-Si materials quasi-equilibrium in the 
conduction band may not be reached for sufficiently high non-radiative recombination 
lifetimes. In such cases the ratio nΓ/nL would be higher than the quasi-equilibrium values 
in Figure 21. The results from Ref. 38, however, were derived for the optical excitation 
case in which carriers are pumped into the Γ-valley. In electrical devices, on the other 
hand, carriers are pumped mainly into the L valleys, and under those conditions the same 
model predicts a negligible deviation from quasi-equilibrium. Thus a comparison 
between photoluminescence (PL) and electroluminescence (EL) spectra can provide 
important clues on carrier distributions in Ge1-ySny alloys. 
4. Optical and Electronic Properties of Ge1-ySny pin Devices 
Figure 22 (a) compares I-V curves for a series of representative samples containing 0-
14% Sn in the active layer of the device.  The diode ideality factors range from 1.10 to 
1.55 and show good rectifying diode behavior in all cases. The reverse-bias dark currents 
measured for the 5.5-8.5% Sn devices are similar to those reported for similar samples 
within this composition range.166 However, in forward bias our currents are 10 times 
higher, indicating that our fabrication approach leads to better ideality factors and/or 
lower parasitic series resistances. The reverse bias current for the 2% Sn device is lower 
than that of the pure Ge sample in spite of the significantly larger active layer thickness in 
the latter sample (530 nm vs. 800 nm, respectively).  This result indicates that the 
electrical properties are independent of the presence of the Ge-Sn bonds or lattice 
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distortions arising from local bonding configurations in the alloy. In contrast to the 
Ge0.98Sn0.02 device, the dark current densities of the more concentrated samples increase 
by three orders of magnitude from 3 mA/cm2 to 6 A/cm2 for the Ge0.89Sn0.11 device. In the 
5-7% Sn devices a surge in dark current density is observed.  This is less pronounced in 
the 8-11% Sn samples where the currents appear to converge within a narrow range 
spanning 5-10 A/cm2 indicating that this window may represent a saturation for the 
generation rate of leakage carriers by the defects at the n-Ge/i-Ge1-ySny interface. The 
inset to panel (a) plots the dark current characteristics for a set of y > 0.11 samples that 
were processed under improved conditions conducive to attain good side-wall passivation 
that reduces the reverse bias dark current levels. This is demonstrated by the reverse bias 
dark currents straddling 1.0 A/cm2 at -1V bias, despite a compositional variation over a 
3% Sn range. This further supports the notion that carriers generated by the defected n/i 
interface reach a saturation limit. Figure 22 (b) plots the normalized optical responsivity 
absorption edges for hetero-structure pin Ge1-ySny devices ranging from 0-7% Sn. These 
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Figure 22: (a) Room temperature I-V data for devices containing 0-14% Sn showing an increase in dark 
current density as a function of alloy content. The inset shows that with improved processing a saturation 
limit is approached in the -1V dark current level for higher Sn content devices. (b) Photoresponse of 
devices containing up to 7% Sn showing an absorption edge beyond 2000 nm. 
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experiments are performed at room temperature under 0V bias. The plots show a 
systematic redshift of the absorption edge to longer wavelengths beyond 2 µm, coinciding 
with successively higher Sn concentrations incorporated into the active region. These 
results support the notion that alloying Ge with Sn reduces the fundamental band gaps in 
the Ge1-ySny alloy system relative to Ge, and demonstrates the applicability of these 
materials for integrated long wavelength detection systems.       
To better understand the reverse bias electrical behavior, we investigated the 
temperature dependence of the reverse bias dark currents. Panel (a) of Figure 23 shows 
the activation energies determined from such measurements. We see that that for low Sn 
concentrations the activation energies clearly exceed Eg/2, where Eg is the fundamental 
band gap value, which were adjusted to include the shifts due to strain. This indicates a 
significant diffusion contribution to the dark current, which can only be observed in 
devices with low defect concentrations. For higher Sn concentrations, on the other hand, 
the activation energies approach Eg/2, as expected from a Shockley-Read-Hall (SRH) 
generation mechanism via defects.  
Another method by which we may gain a further qualitative understanding of 
contribution to the dark current caused by the presence of defects at the n-Ge/i-Ge1-ySny 
interface is to plot the -1V current values as points vs Sn content. This is shown in panel 
(b) of Figure 23. The data are compared with a theoretical model (solid line) which plots 
the expected compositional dependence of the dark current density at -1V bias assuming 
only SRH recombination and ignoring other defect-based current generation mechanisms. 
According to SRH theory, the reverse bias current goes as the inverse exponential of the 
band gap such that lower band gap materials produce larger reverse bias currents, as 
 70 
shown by the line which increases by almost 2 orders of magnitude over a y = 0.00-0.12 
range. This line is determined by calculating the product of the intrinsic carrier 
concentration (ni) and the depletion layer thickness (Wd) for pin devices with ~400 nm 
active layers spanning the range of compositions in our samples. The quantity niWd is 
proportional to the drift component of the reverse bias dark current (Idrift) which is at least 
3 orders of magnitude greater than the diffusion component (Idiff) at biases as large as -1V 
for kT near room temperature. Values of Idrift ~ niWd were calculated over the range y = 0-
0.12 at -1V bias and normalized to the Ge reference device at y = 0. The compositional-
dependence of the Ge1-ySny band gaps and carrier effective masses used to perform the 
calculation are taken from Refs. 160 and 168, respectively. Comparing the SRH line with 
the points, we note that samples with i-layer concentrations y > 0.05 are at least an order 
of magnitude greater than expected based on SRH theory alone. Thus the difference 
between the points and the line represents the component that defects, likely formed by 
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Figure 23: (a) Comparison of the activation energies of the dark currents at -0.2 V with the fundamental 
band gap and half its value. While the low Sn-concentration diodes shows evidence for a diffusion 
component of the current, at high Sn-concentrations Shockley-Read-Hall recombination at defects seems to 
be the dominant contribution. (b) -1V current levels (points) relative to a SRH theoretical model (solid line) 
that assumes recombination occurs between mid-gap defects in the devices. 
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strain-relaxation at the n-Ge/i-Ge1-ySny interface, contribute to the electrical properties in 
these devices.  
EL measurements were performed at room temperature by forward-biasing the 
diodes using a Keithley 2602A source. The emitted light was collected using a focusing 
lens and then passed through a grating spectrometer (f=320 mm) and detected with an 
extended liquid nitrogen cooled InGaAs detector operating in the 1300-2300 nm 
wavelength range.  For samples with Sn contents above 9% the spectra were acquired 
using a thermoelectrically (TE) cooled PbS detector with an extended collection range 
spanning 1500-2700 nm. The current source in all cases was pulsed at 50 Hz to provide 
modulation for lock-in detection.  The EL response was recorded as a function of 
injection currents ranging from 0.1-0.5 A for all devices. To maximize the current density 
in the sample, the smallest device that contact probes could practically be placed on 
without obscuring the window were used in all measurements. In all cases the devices 
used have mesa optical windows of 300 µm in diameter. Table V summarizes the sample 
parameters used in the EL study. 
 
Name Ge buffer 
thick (nm) 
n-layer Ge spacer 
thickness (nm) 
i-layer i-layer p-layer 
dn (nm) x di (nm) y strain (%) dp (nm) z 
Ge N/A 1300 0 0 800 0 -0.15 125 0.003 
GeSn2 N/A 1065 0 0 530 0.020 0.04 150 0.020 
GeSn5 N/A 1400 0 0 440 0.055 0.16 150 0.041 
GeSn7 N/A 1350 0 0 400 0.070 0.22 200 0.040 
GeSn7-t N/A 1638 0 125 700 0.068 0.21 120 0.065 
GeSn7-h 1218 412 0.060 0 550 0.070 0.13 118 0.060 
GeSn8 N/A 1025 0 160 375 0.085 0.30 145 0.042 
GeSn10 N/A 1400 0 190 430 0.105 0.32 135 0.044 
 
TABLE V: Sample parameters of all devices used to conduct the EL study. 
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 Results for sample GeSn2 (y = 
0.02) are presented in Figure 24. Panel 
(a) of this figure shows a XTEM 
micrograph illustrating that the film is 
devoid of threading defects within the 
field of view. The inset shows an 
isolated dislocation at the interface, the 
only such defect found over the 300 nm 
length scale of the figure. This is in 
principle unexpected because the film 
exceeds the critical thickness for growth 
on a Ge substrate.131 However, the Ge 
buffer is under tensile strain due to the 
thermal expansion mismatch with the Si 
substrate, and therefore the two layers 
are fortuitously lattice matched (as 
corroborated by XRD measurements), leading to a defect-free n-i interface.  
Figure 24 (b) shows a series of EL spectra as a function of current taken from this 
sample between 0.1-0.5 A. The spectrum at 0.5 A is compared with the PL counterpart 
measured from an equivalent single layer reference grown on Ge buffered Si using the 
same method. The main peak is attributed to direct gap emission and the low-energy 
shoulder is assigned to indirect gap transitions. It is apparent that the relative intensity 
and position of the direct/indirect signals are very similar for both the PL and EL. It was 
Figure 24: (a) XTEM image of Ge/Ge0.98Sn0.02 interface.  
Inset contains a rare edge dislocation marked by a white 
circle. (b) EL spectrum of the device at 0.1-0.5 A. The 
dashed is a PL spectrum from a single layer reference 
sample.  Good agreement between the two experiments 
is noted between the higher energy direct gap and lower 
energy indirect gap peaks. Sample produced by 
Charutha Senaratne. See J. D. Gallagher, C. L. 
Senaratne, C. Xu, P. Sims, T. Aoki, D. J. Smith, J. 
Menéndez, and J. Kouvetakis, Journal of Applied 
Physics, 117, 245704 (2015).  
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suggested above that a comparison between PL and EL could give insight into the 
achievement of quasi-equilibrium under optical excitation. Under quasi-equilibrium 
conditions, the ratio of indirect to direct gap emission would be obviously identical in PL 
and EL experiments if the total carrier density n = nΓ+nL in the conduction band is the 
same in both experiments. Even if the values of n were different, the emission ratio 
would be similar if the nΓ/nL ratio were weakly dependent on n.  From the fits to be 
described below, we estimate that for the GeSn2 diode 1.3×1018 cm-3 ≤ n ≤ 6.4×1018 cm-3, 
for which, according to Figure 21, the nΓ/nL ratio only changes by 20%. Thus the 
Figure 25: EL spectra of diodes with intrinsic layer compositions y = 0.055, 0.070, 0.085, and 
0.105 taken at 0.5 A (GeSn5, GeSn7, GeSn8, GeSn10) using the InGaAs detector. The active 
layer thicknesses range from 400-440 nm. The peak maxima shift to lower energies and the 
signal intensities increase as Sn content approaches the direct gap transition.  (Inset) EL spectra 
from GeSn10 and GeSn7 taken at 1.0 A using PbS detector. The solid black lines represent EMG 
fits to the data. 
 74 
similarity between the EL and PL is consistent with quasi-equilibrium conditions in 
photoexcited Ge0.98Sn0.02. Interestingly, significant differences were observed between PL 
and EL in previous generations of devices that used doped Si substrates as the p-type 
component of the diode.106 In those experiments, the ratio of indirect to direct gap 
emission was larger in EL than in PL experiments. The discrepancy with the present 
results can be easily understood in the context of the non-equilibrium model of Ref. 38. 
The model predicts that an excess relative population of the Γ valley (deviating from 
quasi-equilibrium) is obtained if carriers are pumped into the Γ valley (PL experiments) 
in samples with sufficiently high non-radiative recombination rates. This was the case in 
previous generations of Ge1-ySny/Si layers, but the samples discussed here have longer 
non-radiative recombination lifetimes due to the buffer layer separation with the Si 
interface, and therefore they don’t deviate substantially from quasi-equilibrium, as was 
previously the case. A quantitative corroboration of this analysis is provided below. 
The EL spectra of samples GeSn5, GeSn7, GeSn8, and GeSn10, all with a relaxed 
n-Ge/i-Ge1-ySny interface and similar values of di are plotted separately in Figure 25. The 
spectra are collected at 0.5 A and show strong peaks corresponding to direct gap 
emission.  The peak maxima shift to lower energies and the emission intensities increase 
with Sn content, as expected.  In addition to the main peak the spectrum of the 5.5% Sn 
device also shows a weak lower energy shoulder assigned to the Eind transition. This 
feature coalesces with the main peak for y ≥ 0.07 due to the reduction in separation 
between the direct and indirect edges with increasing Sn content. The 10.5% Sn spectrum 
cannot be fully measured with an InGaAs detector.  To obtain the full peak profile for 
this material we used a PbS detector with an extended range down to 2700 nm.  The 
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results are shown in Figure 25 inset, which compares the 10.5% Sn emission peak with 
that of a 7% Sn analog, illustrating the expected shift in direct-gap energy vs 
composition. The signal-to-noise ratio is inferior in the PbS detector, but the peaks are 
very well resolved. 
Figure 26 shows the thickness normalized EL spectra for all of the n-Ge/i-Ge1-
ySny heterojunction diodes used in this study. Again, for low Sn concentrations, we see 
Figure 26: Room temperature EL spectra of GeSn heterostructure diodes at a current 
density of 490 A/cm2 (I = 0.5 A), normalized to the intrinsic layer thickness. The noisier 
data for the 10.5% Sn is due to the use of a PbS detector, as opposed to the InGaAs 
detector used for the other diodes. For this sample, the solid black line is the EMG fit of 
the emission profile.  The inset shows the current dependence of the EL for the 7% Sn 
diode and the PL spectrum for the same sample, normalized to the intensity of the EL 
emission for the highest current. 
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clear evidence of direct and indirect gap emission, whereas at high values of y, a single 
peak is observed. A strong signal is seen from the diode with a Ge0.915Sn0.085 intrinsic 
layer, very close to yc, and from the diode with a Ge0.895Sn0.105 intrinsic layer, which is a 
direct gap material according to the known compositional dependence of the band 
gaps.160 The inset shows the experimental EL spectra as a function of the injection current 
for a diode with a Ge0.93Sn0.07 i-layer, together with a photoluminescence (PL) spectrum 
for the same sample.  The main peak in the EL spectra is assigned to direct gap emission 
from the intrinsic layers in the device.  The PL signal also shows contributions from the 
top p-layer (which has a lower Sn concentration for the sample in the inset) and even 
from the n-Ge buffer layer. The spectral lineshapes as well as the peak energies are in 
excellent agreement with previous detailed studies of the compositional dependence of 
the PL signal from Ge1-ySny.134,160 As in the PL case, the data are well described using an 
Exponentially Modified Gaussian (EMG) for the direct gap emission and a simple 
Gaussian for the indirect gap emission. An example of a fit EMG extrapolated to describe 
the lower energy spectrum of the sample is shown in Figure 26 for the case of a diode 
with a y = 0.105 intrinsic layer.   
The compositional dependence of the EL signal strength is quite remarkable. At 
room temperature, we expect a monotonic increase as the direct gap approaches the 
indirect gap, without any observable discontinuity at yc. Instead, the EL intensity 
decreases between y = 0.02 and y = 0.055, and reverts to the expected trend for y > 0.055. 
To understand these results, we take advantage of our ability to model the direct gap 
emission in these systems very accurately, as discussed in Ref. 106 and more recently in 
Ref. 134. The emission spectrum can be expressed as a generalized van Roosbroeck-
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Shockley expression that depends on the non-equilibrium carrier concentration n and the 
energies of the direct and indirect gap, as explained in detail in previous work.134 Since 
the non-equilibrium carrier concentration is related to the diode current by135 
 (where J is the current density, e the elemental charge, d the i-layer 
thickness, and τ the total recombination time), we can adjust the relative values of τ to 
 n = Jτ ed( )
Figure 27: Recombination lifetimes obtained from the relative intensity of the EL spectra compared with 
the inverse dark currents from the I-V characteristic of the diodes. The recombination lifetime is 
normalized to the value τ(0) for a pure Ge diode (y = 0). The inverse dark currents are also normalized to 
the pure Ge value and further multiplied by a factor that corrects for the band gap reduction as a function 
of composition. 
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match the spectra in Figure 26. The results are shown in Figure 27, and we see that the 
recombination time decreases sharply until it reaches at minimum near y = 0.05. Beyond 
this concentration, the recombination time is roughly constant. We also show in Figure 
27 the inverse of the dark currents at -1V, which are also proportional to the carrier 
Figure 28: EL spectra of three diodes with the same nominal Sn concentration y = 0.07 
in the intrinsic layer.  The two low-intensity plots correspond to diodes with a pure Ge 
n-layer and i-layer thicknesses of 400 nm and 700 nm (GeSn7 and GeSn7-t).    The 
highest intensity plot corresponds to sample GeSn7-h whose n-layer has a Sn 
concentration x = 0.06 and the i-layer thickness is 550 nm. 
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lifetime, and we see a similar trend. We attribute this behavior to the onset of strain 
relaxation in the intrinsic layer. Whereas the 2% Sn device is fully strained, the 5.5% Sn 
device, with an intrinsic layer 
thickness of 440 nm that exceeds the 
metastable critical thickness,131 is 
found to be 70% relaxed.  The 
associated misfit dislocations shorten 
the non-radiative recombination time, 
overwhelming the increase in EL 
intensity predicted from the reduction 
of the direct-indirect separation 
relative to pure Ge. For the y > 0.055 
samples, on the other hand, the level 
of strain relaxation is comparable,131 
and therefore we expect the non-radiative recombination time to saturate, so that the 
compositional dependence of the EL intensity follows the theoretical prediction again, 
increasing as the separation between direct and indirect gaps decreases and eventually 
reverses. 
The samples in Figure 25 and Figure 26 have a defected n-i interface, since the 
intrinsic layer mismatch strain with the n-layer is largely relaxed. Experimental evidence 
for the deleterious effect of such defected interfaces is provided in Figure 28, which 
compares the EL spectrum from sample GeSn7, also shown in Figure 25, with those from 
samples GeSn7-t and GeSn7-h. Sample GeSn7-t has a 70% thicker intrinsic layer, but its 
Figure 29: EMG fits of the direct-gap component of the 
EL spectrum of selected diodes, normalized to the 
intrinsic layer thickness. Actual spectra and their current 
density dependence are shown in Figs. 24-26, and 28. 
The intensity drop between the 2% Sn and 5.5% Sn is 
discussed in the text. 
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integrated emission intensity is over three times higher. Even stronger emission is 
obtained from sample GeSn7-h, whose n-layer has a Sn concentration x = 0.060, so that 
the n/i interface is defect free. This sample shows a seven times integration intensity 
enhancement over sample GeSn7. 
To better quantify our observations, we compared our results with theoretical 
predictions developed in part 3 of this section. Our first step is to separate the 
contributions from the direct and indirect gaps in the experimental spectra. We follow the 
analysis in previous work and fit all the spectra with an EMG function, which represents 
the direct gap E0, and a Gaussian function representing the indirect gap Eind. Results of 
the EMG fits from such fits for selected samples are shown in Figure 29.  
We then obtain experimental integrated intensities Iexp for the direct gap emission 
by integrating the EMG functions over the energy for each value of current, and compare 
with the predictions from Eq. (2.6). For this we first compute the integrated power Itheory 
as a function of the total carrier concentration p = n = nΓ +nL for each sample using the 
parameters in Table V. The temperature is taken as 310 K, slightly above room values, to 
account for device heating. The results are shown as lines in Figure 30. Next we add the 
experimental data points to the same figure using Eq. (2.7) to convert the current to 
carrier density. The value of the recombination lifetime for each sample is taken as an 
adjustable parameter, chosen to minimize the expression 
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where the sum over j runs over all diodes and the sum over kj over each of the values of 
current used (about 5) for sample j. The independence of the adjustable parameter τj on 
the index k reflects the assumption that the recombination lifetime is independent of the 
carrier density. An additional adjustable parameter α provides the needed overall scaling 
between theory and experiment, since we are not preforming absolute intensity 
measurements. The result of this global adjustment is shown in Figure 30, and we see that 
the agreement obtained is excellent. The recombination lifetimes obtained from the 
minimization are shown separately in Figure 31. 
This approach to measuring the carrier lifetimes represents an improvement over 
the previous method. The lifetimes shown in Figure 27 are derived by simultaneous fits 
of the emission lineshape and its intensity for all injection currents. However this 
procedure is flawed by an inconsistency because the carrier densities that optimized the 
Figure 30: Integrated EL intensity as a function of the injected carrier density for all diodes. 
The solid lines represent calculations based on the theory of Eq. (2.6) using the sample 
parameters from Table V. The markers correspond to experimental data for each diode, 
collected as a function of the diode current. The diode currents were converted to carrier 
concentrations and the overall normalization parameter that matches theory to experiment were 
determined as discussed in the text, by minimizing Eq. (2.10). 
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lineshape fits were up to one order of magnitude different from the ones that gave the 
best agreement with the intensities. A thorough discussion of the effect of the carrier 
concentration on the emission lineshape is given in Ref. 134. For typical values of 
broadening and spectral resolution, the sensitivity to n is only significant for high 
concentrations n ~ 1019 cm-3. This is also the range for which systematic errors due to 
temperature fluctuations and band non-parabolicity/warping, are largest. Not surprisingly, 
then, simultaneous global fits of the spectral lineshape and relative intensities between 
spectra do not converge well. Since the dependence of the intensities on n is much 
stronger, we chose in our second method of lifetime measurement to compare integrated 
intensities with the theoretical predictions, thereby bypassing the need to adjust the 
emission profiles. This also has the significant advantage of drastically simplifying the 
numerical analysis of the data, since performing simultaneous fits of spectra using the 
van Roosbroeck-Shockley expressions with full inclusion of non-parabolicity and 
excitonic effects is a daunting task. 
It is important to point out that our ability to extract absolute values of n—and 
therefore, of the recombination lifetimes via Eq. (2.7)—depends on the intensities 
 having different functional dependencies on n, since we are not performing 
absolute measurements of the emitted intensities. This is indeed the case over broad 
carrier density ranges, as can be expected from the very different carrier dependencies of 
the nΓ/nL ratios in Figure 21. Over the carrier density range in Figure 30 however, the 
differences are smaller. Fitting the computed  functions with expressions of the 
form over that range, we obtain values of β ranging from 1.3 to 1.8 
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depending on y. This is enough to ensure numerical convergence with our data set, but 
we cannot rule out the possibility that measurements with a different set of samples might 
converge to somewhat different absolute values of the recombination lifetimes. An 
additional practical complication is that the pure Ge diode is a nearly perfect 
homostructure, and some of the other diodes have little confinement between the i- and p-
layers, so that the assumption that the emission arises solely from the intrinsic layer may 
break down in those samples. We recomputed the minimization in Eq. (2.10) using 
different values of thickness and we obtain similar recombination lifetimes, but we 
suggest conservatively that the absolute values in Figure 31 should be taken as accurate 
Ref. 106 
Relaxed n/i interface 
Pseudomorphic n/i interface 
di /12 m/s 
Figure 31: Recombination lifetimes extracted from the adjustment in Figure 30. Notice the 
much longer times obtained for samples with no defected interfaces. 
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within a factor of two. The relative values of the recombination parameters, on the other 
hand, are very robust and show unmistakable trends. First, samples with relaxed n/i 
interfaces and similar thicknesses also have similar recombination lifetimes. Second, the 
three samples with unrelaxed n/i interfaces show the longest recombination lifetimes. 
These observations confirm that defects at the intrinsic layer interfaces have a strong 
influence on the LED performance. The solid line in Figure 31 shows the function d/v for 
v = 12 m/s. This would be the interface recombination velocity in the samples with di ~ 
400 nm if the recombination lifetime were entirely dominated by the interface 
contribution. In fact, the actual recombination velocity is most likely significantly less 
than 12 m/s, since the lifetime τi = 95 ns of sample GeSn7_t, a thicker sample with di = 
700 nm (but otherwise with composition and strain relaxation values very similar to 
GeSn7), is longer than predicted from the line in Figure 31. This suggests that in addition 
to reducing the interface recombination velocity, maintaining a pseudomorphic, non-
relaxed n/i interface reduces the bulk recombination contribution. The triangles in Figure 
31 correspond to the two nip samples reported in Ref. 106, which we computed using Eq. 
(2.7) and the carrier concentrations given in that reference. Those samples contain 
defected p/i interfaces with the Si substrate. While the diode geometries are not the same, 
it is interesting to compare the recombination lifetime of 10 ns for a Ge0.98Sn0.02 diode in 
Ref. 106 with the value of 110 ns for our sample GeSn2, with a similar intrinsic layer 
concentration but no interfacial defects. The order-of-magnitude improvement is a clear 
confirmation of the superior sample quality using our latest device architectures. 
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5. Conclusion 
The optical and electronic properties of Ge1-ySny pin diodes have been presented. 
Samples grown on n-Ge-buffered Si platforms showed increased reverse bias dark 
current densities as a function of composition. The reverse biases current levels appear to 
saturate in devices with greater than ~8% Sn. This has been attributed to a shift from a 
diffusion dominated recombination mechanism, to one better described by SRH and 
defect traps. The EL spectra of these devices showed the same trends to direct gap 
materials as was seen in the previous PL study and devices with Sn compositions beyond 
the indirect to direct gap crossover were fabricated. We also demonstrate that by 
removing strain relaxation at both interfaces, a much enhanced EL signal is obtained.  
Two models for measuring the recombination lifetime based on the EL spectra are 
presented. The first one simultaneously fits the line shape and intensity profile across the 
composition span of all devices for spectra taken at the same current injection. This 
model found that at the lifetimes fall very quickly as a function of composition and then 
appear to plateau at onset of strain relaxation at the n-Ge/i-Ge1-ySny interface. The second 
model improves upon the first one by considering how the integral intensity of the spectra 
change as a function of current injection. A global fit is then performed with the lifetime 
as an adjustable parameter. The results reveal that devices with no strain relaxed 
interfaces have a significantly longer lifetime than devices with strain relaxed interfaces.     
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III. OPTICAL AND ELECTRONIC PROPERTIES OF GE-SI-SN 
MATERIALS AND DEVICES 
Portions of text and figures in this chapter were previously published as J. D. Gallagher, 
C. Xu, L. Jiang, J. Kouvetakis, and J. Menéndez, Appl. Phys. Lett 103, 202104 (2013) 
and have been reproduced with permission. Portions of text and figures in this chapter 
were previously published as J. D. Gallagher, C. Xu, C. L. Senaratne, T. Aoki, P. M. 
Wallace, J. Kouvetakis, and J. Menéndez, J. Appl. Phys. 118, 135701 (2015) and have 
been reproduced with permission.  
A. Optical Properties of Sn-Rich Ge1-x-ySixSny Materials  
1. Introduction 
As outlined in Chapter I, initial investigations into ternary Ge1-x-ySixSny alloys 
were confined to the compositional case of materials with a Si:Sn ratio of 3.7:1, which 
perfectly lattice matches that of Ge. Despite the successful integration of device quality 
materials on Si and Ge substrates and the demonstration that these materials have tunable 
direct band gaps near 1.0 eV,114,122 attempts to measure room temperature PL from these 
materials did not yield any results, unlike the PL experiments of Ge and Ge1-ySny 
materials grown on Si. Thus the inability to measure luminescence from the ternary alloy 
in this composition range was not attributed to crystal defects or structural imperfections, 
but to the fact that the material possessed an electronic structure more closely resembling 
Si than Ge.125 However the inability to measure the fundamental indirect band gap, which 
is the paramount property in order to design materials for photovoltaics, lasers and 
quantum well/strain structures, was an unresolved problem. 
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In order to obtain the first observation of light emission from Ge1-x-ySixSny alloys a 
new class of materials was explored in the composition space. With the aim of recovering 
light emission analogous to that documented in Ge1-ySny alloys, Sn-rich (y > x) Ge1-x-
ySixSny materials were grown directly on Si.124 These showed a tunable E0 PL emission 
peak at longer wavelengths than Ge indicating that the ternary could replicate the 
electronic properties of Ge1-ySny. Unfortunately, the spectral features of the PL from these 
films was not of sufficient quality to accurately measure the fundamental Eind band gaps 
and thus obtain valuable insights into the compositional dependence of the ternary 
electronic structure. In order to improve the light emission from the Sn-rich class of Ge1-x-
ySixSny materials so that Eind energies could be well resolved by PL experiments, the 
materials were grown on Ge-buffered Si(100) substrates, analogous to the Ge1-ySny 
samples used to determine yc value in Chapter II (A).   
2. Growth and Materials Properties of Sn-rich Ge1-x-ySixSny on Ge/Si(100) 
Substrates 
Sn-rich (y > x) Ge1-x-ySixSny films were deposited on Ge/Si(100) platforms in a 
UHV-CVD reactor. The gas mixtures were freshly prepared prior to each experiment 
using electronic grade Si4H10 (Voltaix Corp.) and custom-developed SnD4 and Ge3H8 
reagents produced and purified in house. The desired molar amounts of the compounds 
were combined in a 3 liter container and diluted with H2 to a total volume at 30 Torr 
following previously described recipes using near stoichiometric ratios of the molecular 
components.124 In most cases we find that the Sn, Ge and Si fractions in the fabricated 
samples closely track the corresponding gas-phase atomic concentrations in a given 
mixture, indicating a high degree of reaction control and deposition efficiency afforded 
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by the compatible reactivity of the Si and Ge precursors.  The duration of each 
experiment was typically 90 minutes, yielding films with thicknesses of 450-550 nm at an 
average growth rate of ~5- 6 nm/min.  The film thicknesses were measured by 
spectroscopic ellipsometry and corroborated by RBS. The RBS spectra also showed a 
high degree of channeling indicating good substitutionality of the alloy atoms into the 
Ge-like lattice. High-resolution XRD measurements of the on-axis (004) peaks and (224) 
reciprocal space maps were obtained and used to determine the in-plane (a) and vertical 
(c) lattice dimensions of the films. Using the elasticity model described in section 3 of 
Chapter II (A), the a and c lattice constants from these measurements were used to 
determine the relaxed cubic lattice constant of the alloy material (a0) and the strain. The 
samples that show strong PL signals have a0(Ge1-x-ySixSny) > a0(Ge), by virtue of 
incorporating more Sn than Si. For pseudomorphic growth on the Ge buffers, a 
significant level of compressive epitaxial strain near 1% should be present in these films.  
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Figure 32: (Left) 224 RSM of a 3.5% Si, 8.5% Sn material grown on a Ge-buffered Si platform showing a 
high degree of relaxation. (Right) XTEM micrographs of the same material (Right Top) Phase contrast 
image shows a relatively defective interface region while the upper portion of the layer is mostly devoid of 
threading defects. (Right Bottom) High resolution image shows sparsely spaced edge dislocations marked 
by arrows. These are confined to the growth plane and serve to relax the misfit strain between the Ge and 
GeSiSn layers.    
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However, we only find compressive strains in the 0.15%-0.55% range, indicating 
significant relaxation. Samples with 0.05 < y < 0.06 were annealed at 700-600oC for 10 
seconds twice, resulting in a further strain reduction down to 0.025-0.068%, compressive. 
The annealing temperature was progressively reduced for higher Sn concentrations to 
maintain the single-phase integrity of the material. At the highest Sn concentrations (y ~ 
0.10), the annealing was carried out at 500ºC and did not cause any additional strain 
relaxation. 
Alloy compositions were determined by combining the RBS and XRD data. The 
Sn concentration was obtained from the RBS fits. These fits also yield the Si 
concentration, but the associated error at the 2 MeV energies the experiments were 
conducted at is large due to the presence of the Ge-buffer layer background. We then 
used the X-ray data to obtain the a0 lattice constants using standard elasticity theory. 
From these values we derived the Si concentration by assuming the validity of Vegard’s 
law and using the Sn-concentrations from RBS. As expected, the RBS and X-ray 
methods are in excellent agreement at the highest Si concentrations near x = 0.07 for 
which the RBS method has the smallest error. 
The left panel of Figure 32 shows the map of the (224) reflections near the Ge 
buffer and Ge0.88Si0.035Sn0.085 material. Similar to the properties of Ge1-ySny materials 
grown on these Ge-buffered Si platforms, the alloy film has a residual compressive strain 
based on its position below the relaxation line. The Ge buffer displays its characteristic 
slight tensile strain based on its peak position above the relaxation line. High resolution 
cross-sectional XTEM characterizations revealed highly uniform layers exhibiting flat 
surface profiles, as well as distinct interfaces with the underlying buffer, as shown in the 
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right panel of Figure 32 for the same 500 nm Ge0.88Si0.035Sn0.085 film in the left panel.  
The bulk film above the interface possesses a low defect density microstructure, as 
indicated by the homogeneous phase contrast in the micrograph. The high-resolution 
Figure 33: PL spectra from selected Ge1-x-ySixSny/Ge/Si samples, excited with 980 nm 
radiation. The main peak corresponds to direct-gap transitions, and the low-energy 
shoulder is assigned to the Ge-like indirect gap. The inset illustrates the fit procedure 
to extract the band gap values. The direct gap transitions are fitted with an EMG 
function, whereas the indirect gap contribution is fit with a simple Gaussian. A weak 
high-energy peak corresponding to direct-gap emission from the Ge buffer layer is also 
fit with a Gaussian. 
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images show 60o dislocations at the interface rather than the Lomer defects found in films 
grown directly on Si surfaces. The images also show occasional stacking faults 
originating near the alloy/buffer heterojunction and terminating slightly above the growth 
plane of the film. The observed interface microstructure in these samples is consistent 
with AFM images of the film surface which reveal cross hatched patterns aligned along 
the (110) crystallographic direction, as typically observed for similarly mismatched 
Ge1-xSix films grown on Si wafers. 
3. Optical Properties of Sn-rich Ge1-x-ySixSny Materials on Ge/Si(100) Substrates 
Photoluminescence (PL) experiments were carried out with the samples held at 
room temperature as described in section 3 of Chapter II (A).  
Figure 33 shows selected spectra from a few samples, illustrating the main 
qualitative features of the Ge1-x-ySixSny/Ge photoluminescence. We observe a main peak 
and a clear weaker feature on the low-energy side. Based on the similarity between these 
spectra and those obtained from Ge-on-Si and Ge1-ySny films on Si, we assign the main 
peak to direct-gap transitions and the weaker peak to indirect gap transitions from the L 
minimum of the conduction band. The spectra show that as the Sn- and Si-concentrations 
are changed in such a way that the direct gap decreases in energy, the separation between 
the direct and indirect gaps decreases and the photoluminescence intensity increases. This 
is consistent with the electronic structure of Ge-like materials, where a reduced 
separation between the direct and indirect edges (either due to the application of tensile 
strain or as a result of alloying with Sn) increases the thermal population of the Γ-valley 
associated with the direct gap, leading to an enhanced PL signal.68,74,153,169  
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The inset in Figure 33 shows details of the spectral analysis for the case of a 
Ge0.911Si0.038Sn0.051 film. The direct-gap emission is modeled with a four-parameter 
exponentially modified Gauss (EMG) function,170 which reproduces the expected 
asymmetry of this line. The indirect emission in Ge-like materials is the result of at least 
three contributions associated with absorption-emission of LA phonons plus a zero-
phonon line,171 but the spectral resolution, alloy broadening, and temperature broadening 
make the resulting lineshape undistinguishable from a three-parameter Gauss function. 
Finally, we note that there is a weak additional peak just below 0.8 eV. This peak is 
assigned to direct-gap emission from the underlying Ge buffer layer, and it is modeled as 
a Gaussian. 
Figure 34: Compositional dependence of the measured Eind energies in Ge1-x-ySixSny 
alloys, obtained from fits of the photoluminescence experiments. The grey spheres 
represent the experimental data points, the green plane is the linear fit in Eq. (3.1) and 
the red plane was calculated with theoretical bowing parameters from Ref. 172. The 
line in the coordinate plane corresponds to lattice-matching with Ge. 
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In the case of the direct gap, we obtain its energy E0 by fitting the EMG function 
with a theoretical expression based on the van Roosbroeck-Shockley theory for 
spontaneous emission, as described in Ref. 124. For the indirect gap energy Eind, we 
performed PL measurements on a thick (> 1 µm) Ge-on-Si layer. Here the indirect gap 
emission peaks at 0.687 eV after a strain correction. The corresponding band gap, 
however, is expected to be Eind = 0.655 eV (including the effect of laser heating, 
estimated to be about 20ºC). The resulting shift ΔGe = (0.687-0.655) eV = 0.032 eV is 
assumed to be independent of composition and subtracted from the peak energies of the 
Gaussian fits to obtain the indirect gap energies for the alloys. In all cases, a strain 
correction is computed using the measured strain from XRD and published deformation 
potentials.119  
Figure 34 shows the resulting indirect band gaps as a function of the Si and Ge 
concentrations in the samples. It is important to point out that for some samples the peaks 
associated with the indirect and direct transitions are too close for the fit to be reliable. In 
these samples, we were only able to obtain the direct gap energies E0. The results for the 
samples that allowed a reliable determination of Eind were fit with a bilinear expression, 
yielding (in eV): 
 , (3.1) 
 
The fit expression appears as a green-colored plane in Figure 34 while the red plane plots 
the values of Eind based on theoretical bowing parameters for this transition in Ge1-x-
ySixSny alloys from Ref 172. We see fairly good agreement between the bowing 
 Eind = 0.665± 0.042( ) + 0.65± 0.12( )x − 1.75± 0.12( ) y
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parameter model (red plane) and the bilinear fit to the experimental data (green plane). 
The resulting expression of a bilinear fit to the E0 data gives (in eV): 
 E0 = (0.790 ± 0.011)+ (2.27± 0.10)x − (3.83± 0.14)y , (3.2) 
which overlaps, within experimental error, with the expression proposed in Ref. 124. If 
one plots these bilinear E0 and Eind fit planes it is clear there is a closing of the separation 
between the Γ and L valleys in the conduction band of the ternary alloy, qualitatively 
similar to that observed in binary Ge1-ySny alloys. The direct-indirect gap boundary is 
along the line y = (0.066±0.026)+(0.78±0.14) x according to these fits, which is just 
within agreement of the yc = 0.087 value found in the previous chapter for Ge1-ySny if 
extrapolated to x = 0.  
If the direct and indirect edges were truly linear functions of composition, the 
linear coefficients should be given by the difference of the corresponding energy 
eigenvalues in Si, Ge, and α-Sn. From an inspection of the band structures, the predicted 
dependencies at room temperature for the fundamental gaps are (in eV): 
 Eind = 0.664 +1.27x − 0.52y , (3.3a) 
 
 E0 = 0.806 + 3.29x −1.21y , (3.3b) 
 
Comparison with Eqs. (3.1) and (3.2) reveals a systematic deviation between this 
theoretical prediction and the experimental results. Here we find that the linear 
coefficients related to the Si-dependence are smaller than predicted while the ones 
corresponding to the Sn-dependence are larger in magnitude in Eqs. (3.3a) and (3.3b). 
This provides evidence for a large negative bowing in the compositional dependence of 
band gap energies in alloy semiconductors containing Sn. Earlier ellipsometric studies 
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demonstrated the existence of such bowing for the direct gap E0, (Ref. 173) the findings 
here confirm that the same phenomenon is observable for the indirect gap as well. 
The above considerations suggests that particular care should be exercised in 
extrapolating our measured indirect gap to an extended compositional range—especially 
at the x = 3.7y Ge-lattice matching line of interest for photovoltaics—since we know that 
a bilinear expression cannot be valid over the entire compositional space. To investigate 
Figure 35: Compositional dependencies of the direct E0 and indirect gaps in Ge1-X(Si0.79Sn0.21)X alloys 
lattice-matched to Ge. Circles represent experimental points from Refs. 153 and 174. The solid lines 
are the fits from Eqs. (3.1) and (3.2) computed for the lattice-matching case. The curved dashed-dotted 
line is the quadratic fit of E0 from Ref. 173. The dotted line is the TB-VCA calculation of Ventura et 
al. (Ref. 175), and the dashed line is the empirical pseudopotential supercell result from Ref. 172. The 
discontinuous slope change in both calculations corresponds to the change from Ge-like to Si-like in 
the nature of the fundamental band gap. The grey area highlights the band gaps region of interest for 
photovoltaic applications. 
TB-VCA (Ref. 175) 
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this in more detail, we show in Figure 35 experimental and theoretical band gap data for 
lattice-matched Ge1-X(Si0.79Sn21)X alloys. The solid lines in Figure 35 are extrapolations of 
Equations (3.1) and (3.2). Of interest for our analysis is the fact that Eq. (3.2) does 
provide a reasonably good account of the E0 gap data from Refs. 153 and 174, 
comparable to the more sophisticated quadratic fit from Ref. 173, which takes into 
account bowing effects. As indicated above, the linear fit cannot be valid over the entire 
compositional range, and we see large deviations for X > 0.5, but this is beyond the range 
of available experimental data. 
If we assume that the linear fit of the indirect gap is also valid for X < 0.5, as in 
the case of the direct gap, the solid line in Figure 35 suggest that Eind in this range does 
not exceed 0.75 eV, which may not be high enough for photovoltaic applications. On the 
other hand, it is instructive to compare the indirect gap data with theoretical predictions. 
The dotted line in Figure 35 corresponds to the calculations by Ventura and co-workers 
within the virtual crystal approximation (VCA).175 The predicted indirect gap is close to a 
simple linear interpolation as in Eq. (3.3a), as expected for the VCA. The dashed line is 
computed using a quadratic expression that uses experimental band gaps for Ge, Si, and 
α-Sn combined with theoretical bowing parameters from Ref. 172. These bowing 
parameters were extracted from supercell calculations based on the empirical 
pseudopotential method. The same expression corresponds to the red surface in Figure 
34, and we see that it underestimates somewhat the experimental indirect gaps. When 
applied to alloys lattice matched to Ge, on the other hand, the expression gives a higher 
value of Eind than the linear extrapolation from Eq. (3.1) reaching values in desired 
photovoltaic range for X > 0.4. Direct measurements of the indirect gap for samples 
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lattice-matched to Ge will be needed to determine whether the linear extrapolation from 
Eq. (3.1) or the theoretical prediction from Ref. 172 is closer to the experimental band 
gap. 
4. Conclusion 
In conclusion, the optical properties of Sn-rich Ge1-x-ySixSny alloys have been 
investigated by room temperature PL. Spectra of samples grown on Ge-buffered Si 
substrates revealed clear electronic transitions between Ge-like direct and indirect band 
gaps. This enabled measurement the fundamental band gap Eind of these materials from 
the PL data. The compositional dependence of the Eind transition reveals that a significant 
negative bowing parameter affects the band gap, similar to that found earlier for the 
direct gap in the Ge lattice-matched composition region. This bowing must be taken into 
account for the design of future photonic Ge1-x-ySixSny devices, including solar cells. 
B. Optical and Electronic Properties of Sn-Rich Ge1-x-ySixSny pin Diodes 
1. Introduction 
Lasing was reported very recently from optically pumped Ge1-ySny waveguide 
devices, making the material a propitious light source candidate for integration of Si-
based electronics with optical components.110 The ultimate goal of this research is the 
fabrication of electrically pumped lasers, for which an essential prelude is the 
demonstration of highly efficient light emitting diodes (LEDs). As discussed in Chapter 
II, several examples of Ge1-ySny LEDs have been demonstrated by various research 
groups.164,165,166 These devices adopt a conventional heterostructure diode design in 
which the active regions are grown on Ge buffer layers and capped with pure Ge. A 
major issue with these designs is non-radiative recombination caused by the defected 
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interfaces between Ge1-ySny and Ge, which for direct gap conditions (y > 0.09) have 
equilibrium critical thicknesses below 10 nm, and therefore are strain-relaxed in most 
practical devices.131 Strain-management strategies were introduced in the last chapter, 
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Figure 36: (a) Schematic representation of devices with p-Ge1-x-
ySixSny capping layers. (b) 3.8 MeV RBS spectra of a 7% Sn, 3% 
Si device. The random spectrum is plotted by a solid line and 
shows Sn, Ge and Si signals from the various layers in the stack.  
Inset is a logarithmic view of the Si peaks from the top i,p-layers.  
The aligned spectrum is plotted by a dotted line and demonstrates 
a high level of channeling across the stack. Sample  produced by 
Charutha Senaratne and Chi Xu. See J. D. Gallagher, C. Xu, C. L. 
Senaratne, T. Aoki, P. M. Wallace, J. Kouvetakis, and J. 
Menéndez, Journal of Applied Physics, 118, 135701 (2015).  
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consisting of replacing the pure-Ge contact layers with Ge1-xSnx alloys whose Sn 
concentrations satisfy x < y to ensure carrier confinement and promote light extraction, 
while keeping the difference y − x small enough to prevent the generation of misfit 
dislocations.176,177 These devices exhibit strong tunable emission peaks and offer promise 
that judicious lattice engineering of the layer assembly could lead to the creation of 
enhanced performance devices for applications in near-IR photonic technologies.  
Even though the strain relaxation issues appear to be manageable in the Ge1-ySny 
system, a potential additional problem in the direct gap regime (y > 0.09) is the low 
thermal stability associated with high Sn contents. These alloys are metastable and at 
high temperatures they tend to decompose via Sn segregation and phase precipitation, 
compromising device functionality and structural integrity.127,178 A thermally robust 
alternative to Ge1-ySny is the Ge1-x-ySixSny ternary analog, with enhanced stability due to 
the increased mixing entropy associated with Si incorporation in the lattice for the same 
concentration of Sn.179 In the previous section of this chapter the PL study found that 
ternary Ge1-x-ySixSny alloys also undergo an indirect to direct gap transition in the y > x 
region of the compositional space.180 This data was obtained from samples that contained 
a fixed amount of Si at ~ 4% and a progressively increasing amount of Sn in the 3-9% 
range. Growing the materials on a Ge-buffered Si platform enabled these materials to 
exhibit strong PL that allowed the determination of their direct and indirect band gaps. 
The separation of the gaps was found to systematically decrease as a function of y 
relative to Ge, replicating the basic features of the Ge1-ySny electronic structure, including 
the indirect to direct gap crossover as required for potential laser materials.     
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The above considerations suggest that Sn-rich Ge1-x-ySixSny alloys could be 
suitable candidate materials for the creation of thermally robust alternatives to Ge1-ySny 
light sources for operations requiring high temperature conditions. This section discusses 
the electrical and electroluminescent (EL) properties of Ge1-x-ySixSny photodiodes with x = 
0.02-0.09 and y = 0.03-0.11. 
2. Growth and Materials Properties of Sn-rich Ge1-x-ySixSny pin Devices on n-
Ge/Si(100) Substrates 
The Ge1-x-ySixSny devices were fabricated in a heterostructure pin geometry [n-
Ge/i-Ge1-x-ySixSny/p-Ge(Sn/Si)] in which the intrinsic layer is surrounded by a Ge bottom 
contact doped n-type and a p-type capping layer containing small amounts of Sn and Si 
(in some cases).  The Si/Sn amounts were selected to (a) maintain a larger band gap in the 
top layer relative to the underlying i-Ge1-x-ySixSny to maximize the external quantum 
efficiency, and to (b) mitigate the lattice mismatch so that the top interface grows fully 
strained and defect-free. These devices possess only one defected interface between the 
n-Ge buffer and the relaxed i-Ge1-x-ySixSny epilayer, thereby reducing the deleterious 
effects of mismatch induced dislocations on the optical and electrical properties.  The Si 
content of the i-Ge1-x-ySixSny layer is maintained between 2 and 3%, which is considered 
sufficient to impart the desired thermal stability in the alloy,63 while the Sn content was 
varied from ~ 3.3% to 11.1%.   
The devices were produced in two stages using separate reactors.  The n-type Ge 
buffers are grown on 4” Si(100) wafers with ~ 1 µm thicknesses via deposition of Ge4H10 
at 350oC using a gas source molecular epitaxy chamber.61 The single-source P(GeH3)3 
was used to dope the material with P atoms at levels of 2×1019 cm-3. The resultant layers 
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were subjected to post-growth annealing at 650oC for 3 minutes in situ on the wafer stage 
to reduce the threading dislocations. Thereafter intrinsic epilayers with compositions x = 
0.02-0.03 and y = 0.035-0.08 were grown in situ on the Ge buffer layers at pressures of 
1×10-4 Torr. The 3.3-5.2% Sn samples were produced at 260oC, while the 7-8% Sn 
counterparts were produced at a lower temperature of 240oC to ensure full Sn 
substitution. The depositions utilized nearly stoichiometric mixtures of Ge4H10, Si4H10, 
and SnD4 yielding materials with atomic content closely reflecting those of the gas 
mixtures.181 For samples containing higher Sn contents an alternative set of reactants 
(Si4H10, Ge3H8, and SnD4) and a separate UHV-CVD reactor was employed. This 
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Figure 37: (224) reciprocal space map of a n-Ge/i-Ge0.90Si0.03Sn0.07/p-
Ge0.87Si0.06Sn0.07 device showing that the intrinsic and p-layers are fully 
lattice matched within the plane of growth. Sample  produced by 
Charutha Senaratne and Chi Xu. See J. D. Gallagher, C. Xu, C. L. 
Senaratne, T. Aoki, P. M. Wallace, J. Kouvetakis, and J. Menéndez, 
Journal of Applied Physics, 118, 135701 (2015).  
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arrangement produced highly concentrated materials (y = 0.09-0.11) at enhanced growth 
rates due to the higher temperatures (300oC) and pressures (0.200 Torr) allowed by the 
reactor geometry.124 
 All samples were characterized for quality control using RBS, XRD and 
spectroscopic ellipsometry. The 2.0 MeV RBS spectra showed strong Sn and Ge peaks, 
which were fitted to give 3.3-11.1% Sn content. The fits yielded 300-800 nm thicknesses 
depending on the Sn content. Analysis for silicon was conducted at 3.8 MeV in order to 
resolve the Si signal from the dominant Ge background.  All samples revealed distinct Si 
peaks which were fitted to yield concentrations between 2 and 3%.  The RBS Si content 
was corroborated by XRD using the measured lattice constants (a0) in conjunction with 
Vegard’s law, indicating excellent agreement between the two techniques. The RBS 
channeled spectra were also collected showing good substitution of the alloys on 
tetrahedral sites epitaxially aligned to the Si wafer. The XRD data revealed that in all 
cases the epilayers are mono-crystalline single phase crystals.  Ellipsometry corroborated 
the RBS thicknesses and provided estimates of the n-Ge layer doping density.  
The samples were subsequently loaded into a separate low pressure CVD reactor 
that was configured for p-type doping using diborane (B2H6) to grow the top electrodes.  
The wafers were initially dipped in aqueous HF to remove the surface oxide and then 
cleaned again inside the reactor by flowing Ge2H6 for 5 minutes to produce an epi-ready 
surface. Reaction mixtures combining appropriate concentrations of Ge2H6 and SnD4 
were used in most experiments, while the B2H6 dopant was delivered separately to avoid 
side reactions with SnD4 before reaching the reaction zone. For devices with Sn contents 
3.3-5.2%, the top electrode was chosen to be a dilute Ge1-ySny alloy containing up to ~ 
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1% Sn.  This material was grown pseudomorphically to the intrinsic layers at 340oC and 
exhibited an average thickness of 150-200 nm and a p-carrier density of 2-5×1019 cm-3. 
We emphasize that the amounts of Sn in the capping layers are lower than in the active 
layers in order to maximize quantum efficiencies.  As a consequence the structures are 
tensile strained and exhibit defect free interfaces. For the 7-11% Sn devices the top layer 
was selected to be a Ge1-x-ySixSny alloy (rather than Ge1-ySny) with more closely matched 
stoichiometry to the intrinsic layer such as ~ 6-9% Sn and ~ 4-6 % Si.  The higher/lower 
Si/Sn content in a given sample was intended to induce a larger gap in the p-layer.  The 
latter was grown at 320oC using Ge2H6, Si4H10, SnD4 and B2H6, and exhibited thicknesses 
of ~ 150 nm and carrier densities of 1-9×1019 cm-3. Contrary to the above i-Ge1-x-
ySixSny/p-Ge1-ySny devices, this design depicted in Figure 36 (a) comprises exclusively 
Ge1-x-ySixSny i-p stacks that can be engineered to achieve the lowest mismatch strain in 
the upper interface while ensuring carrier confinement in the active layer.  
The completed as-grown devices were subjected to further RBS, XRD and 
ellipsometry characterizations to determine composition, doping and crystallinity. The 
results revealed that the elemental content and carrier densities of n-Ge and i-Ge1-x-
ySixSny are essentially identical to their original values prior to growth of the top 
electrode, indicating that the final growth step does not affect the initial materials 
properties. RBS spectra acquired at 3.8 MeV proved particularly useful for measuring the 
Si compositions of the top layers. Figure 36 (b) shows representative 3.8 MeV RBS plots 
for a n-Ge/i-Ge0.90Si0.03Sn0.07/p-Ge0.87Si0.06Sn0.07 device. A weak Si signal appears slightly 
above the baseline on the left side of the main Ge peak. This feature is attributed to 
combined contributions of the Si content from the intrinsic and top p-layers. A 
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logarithmic view (inset) of the spectra shows 
two clearly resolved Si peaks indicating 3% 
and 6% Si contents, respectively, in 
excellent agreement with XRD 
measurements. The RBS channeled 
spectrum was also recorded demonstrating 
that the layers combine seamlessly to form a 
contiguous n-i-p stack highly aligned in the 
direction of the substrate. High resolution 
XRD provided strain states and lattice 
constants allowing correlation of the 
optoelectronic properties as a function of the 
active layer composition. Figure 37 
illustrates a (224) reciprocal space maps of 
the n-Ge/i-Ge0.90Si0.03Sn0.07/p-
Ge0.87Si0.06Sn0.07 device stack. The n-Ge 
peak lies slightly above the relaxation line, 
indicating that the material is tensile 
strained. The corresponding strain value is 
0.143%.  The i-Ge0.90Si0.03Sn0.07 layer exhibits a residual compressive strain of -0.22% on 
the Ge buffer. The top p-Ge0.87Si0.06Sn0.07 layer is fully lattice-matched to the i-
Ge0.90Si0.03Sn0.07 material in the horizontal direction as shown by the close alignment of 
the (224) peaks along the pseudomorphic direction. This layer is found to be fortuitously 
Figure 38: XSTEM images of the n-Ge/i-
Ge0.90Si0.03Sn0.07/p-Ge0.87Si0.06Sn0.07 device 
structure. Panels (a) and (c) show atomic resolution 
images of the i-p and n-i interfaces, respectively. 
Panel (b) shows a low-magnification view of the 
entire device, including the Si substrate. Arrows 
mark the location of the various interfaces. Sample  
produced by Charutha Senaratne and Chi Xu. See 
J. D. Gallagher, C. Xu, C. L. Senaratne, T. Aoki, P. 
M. Wallace, J. Kouvetakis, and J. Menéndez, 
Journal of Applied Physics, 118, 135701 (2015). 
 105 
relaxed with respect to bulk Si since the in-plane lattice parameter of the residually 
strained i-layer is 5.6961 Å, which is ~ 0.04% less than the relaxed cubic value of 5.6986 
Å for the p-layer.  
Cross-sectional scanning transmission electron microscopy (XSTEM) was next 
employed to corroborate the full commensuration of the top layers and investigate the 
bulk microstructure. The XSTEM data were collected on a STEM-corrected JEOL-
ARM200F and representative images of a complete p-Ge0.87Si0.06Sn0.07/i-
Ge0.90Si0.03Sn0.07/n-Ge/Si(100) LED structure are shown in Figure 38.  The atomic-
resolution images in panels (a) and (c) show details of the top i-p and bottom n-i 
interfaces, respectively. The top interface is defect-free, as expected due to the close 
lattice matching between the adjoining layers.  The bottom interface with the Ge buffer is 
highly defected due to significant relaxation of the misfit strain. The typical 
microstructure encompasses short stacking faults which appear as dark contrast areas 
extending down into the Ge layer along the (111) planes.  Edge dislocations and 
dislocations loops are also present (not shown) within the plane of growth, but no 
dislocation cores seem to propagate upward into the active region. Panel (b) in Figure 38 
shows a low-magnification view of the entire device stack illustrating the location of the 
various layers and their interfaces marked by arrows. The free surface is flat and the bulk 
device structure above the Ge interface is largely devoid of threading defects within the 
field of view of the image. The typical microstructure seen in Figure 38 was further 
corroborated using a JEOL-4000 EX microscope operated at 400 kV, which also showed 
highly defective bottom interfaces and sparsely defective active regions.  The absence of 
threading defects in the bulk devices represents a significant design advantage; however, 
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the high density of misfit induced dislocations at the bottom interface is unavoidable and 
likely to lead to non-radiative recombination and thereby degrade the device efficiency. 
The samples were then processed into circular mesa devices as described in section 2 of 
Chapter II (B). 
3. Optical and Electronic Properties of Sn-Rich Ge1-x-ySixSny pin Devices on n-
Ge/Si(100) Substrates 
Spectral responsivity experiments were carried out in unbiased diodes under 
illumination from monochromatized light generated by a tungsten-halogen lamp. The 
light was transferred along a fiber optic cable with an optical bridge and chopper 
assembly to provide modulation for lock-in detection of the photogenerated current. The 
left panel of Figure 39 compares spectral responsivity plots for representative samples 
containing a common Si fraction x ~ 0.03 and varying amounts of Sn ranging from y = 
0.033 to 0.111. The plots are normalized to account for thickness variations among the 
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Figure 39: (Left) Normalized absorption spectra of devices with Sn content spanning 3.3-11.1%, 
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current for a Ge0.94Si0.02Sn0.04 device showing a super-linear increase in peak intensity. Overlay of PL and 
EL shows excellent agreement between the two techniques. 
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active layers. A systematic red shift of the absorption edge is observed from 1775 nm for 
y = 0.033 to 2060 nm at y = 0.111 as the Sn fraction is increased. The results demonstrate 
the capability of Sn-rich ternaries to extend the optoelectronic properties of Ge into the 
mid IR through compositional tuning of their absorption edge to cover all telecom bands, 
as previously observed for binary Ge1-ySny analogs.101 The inset of Figure 39 left panel 
shows I-V curves from various devices.  The curves show typical rectifying diode 
behavior in this family of samples. The large current at forward bias points to low series 
resistances with diode ideality factors between 1.20-1.40. The reverse bias dark current 
density values span a range of 60 mA/cm2 to 2.5 A/cm2 at -1V for the 5.2% and 7.7% Sn 
devices, respectively. Increasing reverse-bias currents as a function of Sn concentration 
have been observed in Ge1-ySny devices.176 In the current Ge1-x-ySixSny devices there is a 
large variability in dark currents, as evidenced by the lower current density of the 11.1% 
Sn sample relative to the 7.7% and 9.5% Sn devices. This is probably due to the difficult-
to-control defects at the n-Ge/i-Ge1-x-ySixSny interface, which could be eliminated in 
future optimizations by introducing an additional Ge1-x-ySixSny layer as the n-component 
of the diode stack.  
The EL measurements were carried out as described in section 4 of Chapter II 
(B). The right panel of Figure 39 displays representative EL results for a Ge0.94Si0.02Sn0.04 
device. The current dependence of the EL peaks is depicted by solid black lines. The 
peak intensities increase super-linearly with injection current from 0.1-0.5 A while their 
emission energies remain essentially unchanged. This panel also shows an overlay 
between the normalized PL spectrum of the device structure (dashed line) with the EL 
counterpart indicating close correspondence of direct and indirect gap energies between 
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the two techniques. Finally we note that the excess intensity in the PL spectrum near 0.80 
eV can be assigned to a contribution from the adjoining n-Ge and p-Ge0.99Sn0.01 layers. 
This effect is not present in the EL spectra, confirming that the signal in this case is 
predominately generated from the i-Ge1-x-ySixSny region. Similar EL/PL relationships 
were observed for all samples fabricated in this study including the super-linear 
dependence of the emission vs current. 
Figure 40 (a) plots representative EL spectra from samples covering the 
composition range. For the 3.3% and 5.2% Sn samples the plots show strong peaks due to 
direct gap (E0) emission and lower intensity shoulders at lower energies due to indirect 
gap (Eind) transitions. Both features shift to longer wavelengths and their separation 
becomes smaller with increasing Sn content. This can be interpreted as the Γ-point of the 
Ge-like band structure falling faster than the L-point at a given Sn content in analogy 
with Ge1-ySny binaries containing similar amounts of Sn. For samples with Sn contents 
7% and above the plots show that these features (E0, Eind) merge into a single broad peak 
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suggesting that the Sn concentration approaches toward the range where the materials 
become direct gap semiconductors. The band gap energies are extracted from the EL 
spectra by fitting with EMG functions for E0 and simple Gaussians for Eind as discussed 
in previous chapters and sections.  The energies are plotted as a function Sn of 
composition in Figure 40 (b). The E0 values in the plots are shown as black circles and 
the Eind as grey squares. The black and grey lines are empirical linear fits to the E0 and 
Eind data sets, respectively. The lines intersect at y = 0.145, which represents the 
transition point where the Ge0.97-ySi0.03Sny materials used in this study are expected to 
become direct gap semiconductors. If we apply the bilinear fits from the PL data in the 
last section of this chapter, we predict that the cross over point for our EL devices should 
be at 10.5% Sn, which is significantly lower than the aforementioned 14.5% value. The 
significant disagreement between these two crossover compositions is a further indication 
that bowing effects need to be considered to give an accurate description of the 
compositional dependence of the fundamental E0 and Eind in Ge1-x-ySixSny materials. 
Lastly, the 14.5% Sn crossover is much higher than the 9% Sn transition point 
determined for Ge1-ySny alloys in Chapter II, indicating that the effect of Si on the band 
gap energies is significant..     
4. Optical and Electronic Properties of Si and Sn-Rich Ge1-x-ySixSny pin Devices 
on n-Ge/Si(100) Substrates 
To further explore the optoelectronic properties of ternary alloys across the 
composition space, another set of Ge1-x-ySixSny heterostructure pin devices were produced 
with a fixed composition of Sn and a variable Si content. The aim here is to investigate 
regions of the composition space with Sn contents close to where Ge1-ySny becomes a 
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direct-gap semiconductor (9% Sn and above), while adjusting the Si composition to find 
optimized materials with greater separation between the L and Γ points in the conduction 
band. Band gap measurements of such materials may give target ternary alloys an 
electronic structure that is more direct than analogous Ge1-ySny materials and could 
provide insight into the compositional dependence of the bowing parameters that are 
expected to be significant in describing the full electronic structure of Ge1-x-ySixSny alloys.  
Figure 41 (a) overlays plots of the IV measurements for a variety of devices 
representing the composition range of materials investigated (~9% Sn and 3-9% Si). 
Good rectifying properties are demonstrated in the plots over the ±1V bias range shown 
with ideality factors between 1.10 and 1.20. These devices show dark current levels 
comparable to or less than that of the Ge1-ySny devices discussed in Chapter II at the same 
Sn concentrations. The variation in -1V bias dark current densities spans an order-of-
magnitude range from ~0.1-1.0 A/cm2. This suggests that with improved processing 
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conditions, lower dark currents should be achievable in ternary devices relative to 
analogous Ge1-ySny diodes. This may be attributable to the incorporation of Si providing 
closer lattice matching with the underlying n-Ge contact, mitigating some of the 
mismatch-induced defects. Evidence for this is comes from that fact that the 9.5% Sn, 
8.5% Si device has the lowest reverse-bias dark currents. Figure 41 (b) plots the 
normalized room temperature EL from the devices shown in panel (a). The plots show 
that the incorporation of successively higher Si contents shifts the fundamental band gaps 
to higher energies and increases the separation between the E0 and Eind peaks. The band 
gaps of these materials were determined using the same modeling procedures discussed 
in previous sections. Using this modeling procedure, it was found that the difference E0 − 
Eind between the 9.5% Sn, 8.5% Si sample is 110 meV and this value in 10.5% Sn, 8.5% 
Si device is 70 meV. This indicates that direct-gap ternary alloys should be attainable 
despite high Si concentrations by incorporating Sn contents that further reduce the 
separation E0 − Eind. 
5. Conclusion 
In summary this section has demonstrated the first-generation of Ge1-x-ySixSny 
light emitting diodes integrated onto a Si platform. This development is made possible by 
the low temperature reactions and in situ doping strategies afforded by the rationally 
designed hydride precursors employed in the growth stages of sample preparation. This 
approach enabled the formation of finely tuned device architectures with one defective 
interface, providing the opportunity to systematically assess the optoelectronic 
capabilities of these materials. Spectral responsivity and EL measurements suggest the 
existence of a transition to direct gap semiconductors, in analogy with Ge1-ySny 
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optoelectronic devices. Thus the ternary materials that contain more Sn than Si may be 
viewed as thermally robust alternatives to Ge1-ySny materials for Si-integrated 
optoelectronics. By fixing the Sn content near 10% and varying the Si incorporation, it 
has been confirmed that the addition of Si reverts the material back towards a more Ge-
like indirect gap material. 
C. Compositional Dependence of the Ge1-x-ySixSny Fundamental Band Gaps 
1. Introduction 
Ternary Ge1-x-ySixSny alloys can be considered as a superposition of its constituent 
binary alloys: Ge1-xSix, Ge1-ySny, and Si1-zSnz. In Chapter II, room temperature PL 
measurements were used to accurately determine the compositional dependence of the E0 
and Eind energies in Ge1-ySny. Both of these electronic transitions were shown to have a 
bowing parameter that turned out to have a linear dependence as a function of Sn content 
in the Ge-rich limit, leading to empirical cubic expressions which best described the band 
gaps. Previous work based on ellipsometry has revealed that the bowing parameter 
associated with the Si1-zSnz alloy is very large and very likely compositionally dependent 
as well.173,182 Due to a lack of adequate materials and virtually no studies concerned with 
a systematic study of the lowest gaps in Si1-zSnz alloys, any bowing associated with this 
binary component must be left as an adjustable parameter in a global fit to the ternary 
band gaps.  
2. Motivation to Investigate Ge-rich Ge1-xSix Alloys 
Surprisingly, there is very little data on the compositional dependence of Ge1-xSix 
alloys in the Ge-rich limit. The only known investigation that provides any description of 
the band gaps near this composition regime was conducted by Kline, Pollak, and Cardona 
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(KPC). This study measured the E0 in Ge1-xSix alloys (with 0.06 < x <0.5) from 
electroreflectance measurements.183 The compositional dependence was found to be very 
linear. This linearity is quantified by a recent fit of the KPC data using an expression of 
the form E0 x( ) = E0Ge 1− x( ) + E0Six − b0GeSix 1− x( ) , which gives a small bowing parameter 
b0GeSi  = 0.21 eV. Electroreflectance measurements in fully strained, single-crystalline Ge1-
xSix/Si films with x > 0.7 are also consistent with a small bowing parameter.184 However, 
more recent results on partially relaxed Ge1-xSix/Si films with x < 0.06 show significant 
deviations from the E0 energies predicted from the KPC dependence combined with 
standard deformation potential theory.185 The uncertainty regarding the value of E0 in Ge-
rich Ge1-xSix not only makes it very difficult to design optical devices based on these 
alloys, but also creates serious obstacles to the study of new materials such as the ternary 
Ge1-x-ySixSny alloy. Given the two-dimensional compositional space of the ternaries, 
which makes it much more difficult to map, it is essential to validate interpolation 
expressions for all relevant transitions, including E0. A quadratic interpolation formula 
for the ternary involves the three binary alloy bowing parameters b0GeSi ,b0GeSn , and b0SiSn . 
Since the bowing parameter b0SiSn  for the binary Si1-zSnz alloy has not been determined 
experimentally, attempts have been made to determine b0SiSn  from fits to the ternary alloy 
using the known bowing parameters b0GeSi  and b0GeSn  for Ge1-xSix and Ge1-ySny alloys, 
respectively. However, since all available Ge1-x-ySixSny samples are near the Ge-rich end, 
the leading bowing contributions to the E0 energy are of the form b0GeSix  , b0GeSny  , and 
b0SiSnxy , respectively. This means that that any uncertainty Δb0GeSi  translates into a much 
larger Δb0GeSi / y  uncertainty in b0
SiSn . In other words, meaningful fits of b0SiSn  in the 
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ternary alloy require a very accurate knowledge of the bowing parameters in binary Ge1-
xSix and Ge1-ySny alloys. Ironically, Chapter II presents accurate data for the more exotic 
Ge1-ySny system and it is the uncertainty in the case of Ge1-xSix alloys that represents the 
main bottleneck for further progress in this field. Thus, before a reliable global fit of the 
ternary band gaps can be performed, it is necessary to have an accurate description of the 
Ge1-xSix band gaps. To resolve this issue, this section of Chapter III digresses into a study 
of the fundamental band gaps in Ge-rich Ge1-xSix alloys. 
3. Growth and Materials Properties of Ge-Rich Ge1-xSix Alloys 
Ge1-xSix samples with 0 < x < 0.13 were produced for this study on 4-inch Si(100) 
wafers in a Gas Source Molecular Epitaxy (GSME) chamber through reactions of Ge4H10 
and Si4H10 at 380oC using mixtures with a Ge:Si molar ratio roughly half of that which 
was measured in the resultant films. Upon completion of the growth, the wafers were 
subjected to an in situ anneal at 700oC for 3 minutes to improve the crystal quality of the 
epilayer. Once removed from the growth chamber the samples were characterized by 
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Figure 42: (a) 3.7 MeV RBS from a 6.0% Si sample showing clear Ge and Si signals in the top Ge0.94Si0.06 
layer. The Ge and Ge0.94Si0.06 thicknesses are measured to be 650 and 1600 nm respectively. (b) 224 
reciprocal space map of a Ge0.95Si0.05 alloy grown on Si(100). 
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high resolution XRD, RBS, and spectroscopic ellipsometry to determine crystallinity, 
composition, and thickness. For samples with Si contents less than 5%, high-crystal 
quality materials could be grown directly onto the Si substrate following this procedure. 
XRD scans along the (004) reflection measured single-phase alloy peaks with full width 
at half maxima (FWHM) as low as 0.05o. In the case of samples containing more than 5% 
Si, it was found that the FWHM of materials grown directly on the Si wafer were greater 
than 0.10o. To improve the crystallinity of these materials, another set of layers 
containing more than 5% Si were grown on Ge-buffered Si platforms. In this case, it was 
found that the post-growth annealing treatment yielded Ge1-xSix materials with FWHM 
values approaching 0.05o. Off-axis XRD (224) maps revealed that residual biaxial tensile 
strains ranging up to 0.2% were produced in all samples during the annealing step due to 
the mismatch in thermal expansion coefficient between the GeSi alloys and the Si 
substrate. The Si content of the films was obtained directly from RBS and indirectly from 
the known compositional dependence of the relaxed lattice constant a0, including non-
linear deviations from Vegard’s law.186 This relaxed lattice constant was computed from 
standard elasticity theory expressions using the in-plane (a) and out-of-plane (c) lattice 
parameters obtained from (224) reciprocal space maps. The Si film compositions 
measured between these two techniques were found to agree within experimental error. 
RBS channeling experiments demonstrated a high degree of epitaxial alignment of the 
films to the Si substrate. The X-ray measurements also made it possible to determine the 
level of strain, defined as (a-a0)/a0. This strain is tensile in most samples and quite 
modest in magnitude, never exceeding 0.2%.  Nevertheless, strain corrections were 
applied in all cases to extract relaxed values of the optical transition energies.  The 
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thicknesses obtained by RBS and ellipsometry were in agreement for all samples in the 
study. They ranged either between 700-800 nm or 1400-1600 nm depending on the 
amount of gas precursors consumed for the growth. 
Figure 42 (a) plots the random and channeled 3.7 MeV RBS spectra from a 
representative 6.0% Si layer grown on a Ge buffer as the solid black and dashed gray 
lines respectively. A high degree of channeling is observed across the entire sample stack 
indicating good epitaxial alignment of both epilayers (Ge buffer and Ge1-xSix alloy) to the 
Si substrate. The channeling is also evidence for full substitution of Si into the average 
diamond lattice. The inset plots the random spectrum on a logarithmic scale the 
accentuate the Si signal from Ge1-xSix layer. The solid line over these data represents the 
model fit to the spectrum, which demonstrates that the Si profile is flat across the layer 
indicating that compositional gradients are not produced during the growth. Panel (b) of 
Figure 42 shows the off-axis 224 XRD reflection from a layer containing 5% Si that is 
5 µm 
RMS = 1.20 nm  
5 µm  
RMS = 0.63 nm  
Figure 43: (Left) AFM of a 1.3% Si sample grown using lower-order germane and silane 
precursors. (Right) AFM image of a 13% Si sample grown using the standard method described 
above. Both samples show featureless morphologies and low roughness values. 
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grown directly on a Si wafer. A biaxial tensile strain of 0.139% is measured from the 
peak position slightly above the cubic relaxation line. These data demonstrate that the 
materials grown by this process are single-phase random Ge1-xSix alloys with high crystal 
quality.  
As a test of the robustness of the growth mechanism employed in this study, 
another set of growths were done using the lower-order germane and silane precursors 
Ge3H8 and Si3H8. The growth of a 750 nm thick, 1.3% Si sample on a 4-inch Si wafer 
was conducted at 360-380oC at 1×10-4 Torr, conditions which are virtually identical to 
those employed on all the other samples. This was produced at an average growth rate of 
16.1 nm/min, competitive with the growth rates observed in the other samples grown 
with the higher-order Ge4H10 and Si4H10 precursors. The (004) reflection showed a 
single-phase alloy peak with a FWHM of 0.0706o. Due to the in-situ annealing treatment, 
the (224) reflection showed a residual tensile strain of 0.1363%. Furthermore, it is 
stressed here that the optical properties of this sample were identical to those of samples 
produced with the higher order precursors at the same composition, demonstrating the 
high level of flexibility in the growths of these materials. 
The surface morphology was investigated using atomic force microscopy (AFM). 
The left panel of Figure 43 shows a 20 µm x 20 µm AFM image of the 1.3% Si sample 
described in the previous paragraph, while the right panel is an AFM image with the 
same dimensions of a 13% Si sample grown using the Ge4H10 and Si4H10 precursors. 
Analysis of the surface roughness measures an RMS value of 0.63 and 1.20 nm for the 
1.3% Si and 13% Si samples, respectively. In addition the surface appears flat and devoid 
of the pit defects reported in Ref. 185. Due to the close similarity in roughness between 
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these two samples with over a 10% Si content difference, it is unlikely that the lower 
roughness of the left panel sample is due to the choice of precursors. The surface 
morphology seen here is characteristic of all samples used in this study.  
4. Optical Properties and the Compositional Dependence of Ge-Rich Ge1-xSix 
Fundamental Band Gaps 
The band gaps of the Ge1-xSix samples were measured by two methods: 
spectroscopic ellispsometry and room temperature PL, with the aim to study the 
compositional dependence of the E0 energy in detail. Two fitting methods were employed 
to measure E0 by ellipsometery.  The first uses a point-by-point fit to the data and the 
other takes a numerical second-derivative which is then smoothed. The PL measurements 
were conducted under the same conditions described earlier in Chapter II (A).  
The complex dielectric function  ε1 + iε2  of the Ge1-xSix films was determined 
from the ellipsometric data following a standard two-step procedure. In the first step, the 
known dielectric functions for the substrate and buffer layers were combined with a 
parametric model dielectric function for the Ge1-xSix layers.187 The dielectric function 
parameters plus the thickness of all layers were then adjusted to obtain the best possible 
fit. In a second step, the layer thicknesses were kept unchanged, and the ellipsometric 
data were fit again at each energy point using the values of ε1 and ε2 for the Ge1-xSix layer 
as adjustable parameters, and the previous point’s values as initial guess. This procedure 
largely eliminates any possible bias introduced by specific parametric models with a pre-
defined set of critical points. In addition, it does not impose Kramers-Kronig consistency 
between the real and imaginary parts, so that the verification of such consistency can be 
used as an additional control criterion for the quality of the fit. In general, the “point-by-
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point” dielectric functions obtained in the second iteration are found to be very close to 
the model dielectric functions of the first iteration, which are Kramers-Kronig consistent 
by construction. Critical point energies are traditionally extracted from the experimental 
dielectric function by computing second or third numerical derivatives with respect to 
energies. These derivatives are particularly noisy when the imaginary part approaches 
zero, and therefore they must be combined with robust smoothing methods. We 
investigated different Savitzky-Golay smoothing-differentiation algorithms and found 
that an 11-point filter reduces noise sufficiently to allow for critical point fits while 
introducing a negligible distortion of the lineshapes.  
An elementary calculation of the E0-contribution to the dielectric function, 
assuming parabolic bands, no broadening, and free electron-hole pairs, shows that the 
imaginary part is the sum of two terms of the form 
 
, (3.4) 
 
where e and m are the free-electron charge and mass, µeh is the reduced effective mass of 
the electron-hole pair, and P the momentum matrix element. The two terms to be added 
correspond to the two degenerate light- and heavy-hole bands at the top of the valence 
band, which give different values of the reduced effective mass. In the case of 
germanium-like materials, the square-root energy dependence in Eq. (3.4) is in poor 
agreement with the experimental data, as demonstrated previously.31 The disagreement 
can be partially concealed by introducing a multiplicative amplitude pre-factor in Eq. 
(3.4), but this is physically unsatisfactory because all prefactors in the equation are well 
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known experimentally. Much better agreement with experiment can be obtained by 
introducing excitonic effects. For a single pair of parabolic valence-conduction bands, the 
imaginary part of the excitonic dielectric function is given by 
 , (3.5) 
 
where ε2x is the below-band gap contribution from bound excitons, ε2f is the dielectric 
function for free-electron hole pairs, given by Eq. (3.4), and S(E) is the so-called 
Sommerfeld enhancement factor for states in the continuum. Analytical expressions for 
ε2x and S(E) are given in Ref. 35, where it was shown that Eq. (3.5) is in very good 
ε2 E( ) = ε2x E( ) + ε2 f E( )S E( )
Figure 44: Compositional dependence of the E0 transition energy in Ge1-xSix alloys (circles and 
squares) combined with previous measurements of this transition by KPC (Ref. 183). The solid 
line is a fit of the data which yields  = 0.21 eV and  = 4.093 eV. The inset shows a detail 
of the x ≤ 0.05 range. A fit restricted to this range gives  = 0.067 eV and is shown as a dashed 
line. 
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agreement with experiment, both in terms of lineshape and absolute value. We have used 
this expression, convoluted with a broadening function, to fit the rising edge of the 
imaginary part of the dielectric function. We find that Gaussian broadening is in better 
agreement with the data, even for pure Ge. The adjustable parameters of the fit are the 
width of the broadening function and the band gap E0. The momentum matrix elements 
and effective masses were calculated as in Ref. 35, and the effect of the residual strain 
was fully included using deformation potential theory with hydrostatic and shear 
deformation potentials a = -9.47 eV from Goñi et al. (Ref. 138) and b = 1.88 eV from Liu 
et al. (Ref. 188). No sharp excitonic peak is observed in ε2 at room temperature, but 
excitonic effects introduce a strong deviation from the square-root dependence of the 
edge, and the excitonic enhancement is critical to match the absolute value of ε2 to the 
experimental data. The high-energy deviations between the calculated and observed 
dielectric function are expected, since the assumed parabolic dispersion ceases to be a 
good approximation about 50 meV above the E0 gap. The values of E0 obtained by this 
method are shown as black squares in Figure 44. 
The most common approach for extracting band gap energies from ellipsometric 
data, as indicated above, is to enhance the critical point singularities by computing 
derivatives of the dielectric function. To use this method, we fit the numerical second 
derivatives of the real and imaginary parts of the dielectric function with an expression of 
the form: 
 
, (3.6) 
 
d 2ε
dE2 =
AeiΦ
E − E0 + iΓ( )3 2
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with A, Φ, Γ, and E0 as adjustable parameters. Eq. (3.6) corresponds to free electron-hole 
pairs, except that the phase angle Φ is taken as an adjustable parameter to mimic 
excitonic effects. An additional, more subtle reason for the need of an adjustable phase 
factor is the fact that the addition of -iΓ to the energy gap is not a fully consistent way to 
treat broadening, as pointed out by Kim et al. (Ref. 189). The convolution of the 
calculated dielectric function with a broadening function is not fully consistent either. 
However, while the precise form in which broadening is introduced is relatively 
unimportant in fits of ε2, it becomes critical for its second derivative d 2ε dE2 , and 
therefore the parameter Φ corrects, in a phenomenological way, for some of the lineshape 
deviations caused by an approximate treatment of broadening. Theoretical expressions 
that treat broadening rigorously have been given in Ref. 189, but the results do not lead to 
analytical forms that can be easily used to fit experimental data. 
Since the samples possess some residual amounts of strain, fits with the oscillator 
in Eq. (3.6) do not give the value of E0 corresponding to relaxed alloys. To correct for 
this deficiency, the data should in principle be fit with two such oscillators, one for the 
light-hole transition and one for the heavy-hole transition, shifted from E0 following 
deformation potential theory. An alternative approach, which we have utilized to 
minimize the number of initial fit parameters, is to fit the data with the single oscillator 
represented by Eq. (3.6) and then adjust the resulting fit lineshape with two oscillators, 
separated by a fixed energy given by deformation potential theory. In this second fit, only 
E0 and the value of Γ are allowed to be further adjusted. Values of E0 extracted from 
these fits are shown in Figure 44 as white circles. 
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The agreement between the E0 values determined following the two methods 
described above is excellent, so that they will be combined for the analysis of the 
compositional dependence of E0.  It was noted however, that the second-derivative 
analysis is less robust, and for some samples the noise is simply too large to obtain 
meaningful fits. 
The compositional dependence of the E0 values in Figure 44 is clearly very linear 
over the Si-concentration in the figure. A straight-line fit yields E0 = 0.800 + 3.162x (in 
eV). The extrapolation of this expression to x = 1 gives E0 = 3.96 eV. Unfortunately, this 
cannot be directly compared with measurements in pure Si because the only experimental 
value available was obtained at 4.2 K by Aspnes et al., who found E0 = 4.185 eV. (Ref. 
190). Lautenschlager et al. have calculated the temperature dependence of all important 
transitions in Si and found very good agreement with all available experimental data.191 If 
we combine the value of E0 at 4.2 K (Ref. 190) with the theoretical temperature 
dependence, we estimate a value E0 = 4.093 eV for Si at room temperature. This would 
imply a modest non-linearity in the compositional dependence of E0. As indicated in the 
introduction, deviations from linearity in the compositional dependence of transition 
energies are accounted to lowest order by introducing a bowing parameter b0GeSi . When 
the KPC data was fit E0Si  = 4.093 eV, a value b0GeSi  = 0.21 eV was obtained.87 A new fit 
that combines the KPC data with our results, show as a solid line in Figure 44, gives 
E0Ge =  0.803 eV and the same bowing parameter b0GeSi  = 0.21 eV. Thus our data are 
consistent with the KPC measurements. For very low concentrations x ≤ 0.05, which are 
of particular interest in modern applications, the fit gives E0Ge =  0.7979 eV, b0GeSi  = 0.067 
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eV, essentially a linear dependence. This is shown as a dashed line in the inset of Figure 
44. The difference in bowing parameters between the x ≤ 0.5 and x ≤  0.05 fits suggests 
that b0GeSi  is not a constant but a function of composition. A bowing parameter of the 
form b0 = b0(0) + b0(1)y  has already 
been found necessary to describe 
the compositional dependence of 
E0 in Ge1-ySny as outlined in 
Chapter II (A). Similar similar 
expressions have been used for 
III-V alloy systems.143,144 
However, in the case of Ge1-xSix 
the bowing parameters are very 
small, making it very difficult to 
carry out a fit using 
b0GeSi = b0(0), GeSi + b0(1), GeSix . The 
values of b0(0), GeSi  and b0
(1), GeSi  
obtained from such fits are not 
well converged and vary 
dramatically if single points are 
removed from the fit. This is 
understandable in view of the 
small difference between the 
Figure 45: Representative room temperature PL spectra 
for selected Ge1-xSix samples. The inset in the top panel 
shows a comparison between measured and calculated 
integrated intensities (normalized to unity for pure Ge). 
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b0GeSi  = 0.21 eV and b0GeSi  = 0.067 eV curves in the inset in Figure 44. 
Typical PL spectra of Ge1-xSix alloys are shown in Figure 45. PL studies of these 
alloys are usually carried out at low temperatures, for which sharp features associated 
with band edge excitons and phonon replicas are clearly observed.25 For the spectroscopy 
of the E0 transition, however, room temperature conditions are needed to populate the Γ-
valley in the conduction band. In Ge- and Ge1-ySny thin films, these conditions lead to the 
observation of a dominant peak, assigned to the E0 transition, and a weaker, low-energy 
peak assigned to the indirect transition Eind between the L-valley in the conduction band 
and the top of the valence band at the Γ-point. In Ge1-xSix alloys, on the other hand, we 
observe a three-peak structure. By comparison with pure-Ge films, we assign the high-
energy peak to E0 and the low-energy peak to Eind. The E0 peak is fit as it was before with 
an EMG profile and the Eind peak with a Gaussian. The extra peak, labeled EP in Figure 
45, is also modeled as a Gaussian. The corresponding gap energies are extracted as 
discussed previously. Briefly, the EMG component is fit with a theoretical expression for 
the spontaneous emission from the E0 gap based on a generalized van Roosbroeck–
Shockley formula for which we compute the absorption coefficient using the same model 
as in Eq. (3.5). The quasi-Fermi levels required for the calculation are evaluated as a 
function of the photoexcited charge density by including the L-, Γ, and Δ-valleys in the 
conduction band, and the light-heavy hole manifold in the valence band. The effect of 
strain is built into the absorption coefficient expressions using deformation potential 
theory. The values of Eind are obtained from the low-energy Gaussian component using a 
correction adjusted to pure Ge.  
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The E0 values obtained from the PL data are plotted in Figure 46 and compared 
with the best fit to the ellipsometry data (dotted curve in the Figure 44 inset). The 
agreement is quite good, but we notice that the energies obtained from the PL 
experiments are somewhat downshifted with respect to the ellipsometry values, 
particularly for the highest Si concentrations. A downshift of the PL signal with respect 
to the absorption edge (Stokes shift) is quite common in semiconductors. However, we 
cannot confirm this Stokes shift in our samples due to the presence of the EP feature, 
which partially overlaps with the E0 signal and could systematically shift the EMG fit. 
Figure 46: The E0 and Eind values extracted from the PL data are shown as black squares 
and empty circles, respectively. The peak energies for the EP features shown in Figure 45 
are summarized as empty triangles. The solid line is a linear fit to the compositional 
dependence of Eind. The dashed line is our best fit to the E0 values obtained from 
ellipsometry. The dash-dotted line is the calculated peak energy for emission from the Δ-
valley. 
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This is further complicated by the dramatic reduction in E0 signal intensity as a function 
of the Si concentration. The reason behind this reduction is the increased separation 
between the Γ- and L minima in the conduction band, which exponentially reduce the 
population of the Γ-minimum. We have used our Roosbroeck–Shockley calculation to 
estimate the effect of the Si-concentration on the PL integrated intensity, and the 
calculation is compared with experimental data in the Figure 45 inset. Good agreement is 
obtained, which indirectly supports our assignment of the leading peak to the E0 
transition. The order-of-magnitude reduction in PL intensity at the highest Si 
concentrations introduces larger errors in the determination of E0, which could further 
contribute to the apparent discrepancy with the ellipsometry data. 
The values of Eind obtained from our PL lineshape analysis are also shown in 
Figure 46. A linear fit gives Eind = 0.659+1.18x (in eV). This is in good agreement with 
the low-temperature PL measurements of Weber and Alonso, (Ref. 25) who find a linear 
coefficient of 1.27 eV. 
A first candidate for the additional peak EP observed in Figure 45 is emission 
from the Δ-valley along the (100) direction of the BZ, which becomes the fundamental 
band gap for x > 0.15. By extrapolating low temperature PL measurements in samples 
with x > 0.15, the Δ-valley in pure Ge is predicted to be ΔΕL-Δ = 0.19 eV above the 
absolute minimum of the conduction band at the L point of the BZ.25 This should be 
compared with a value ΔΕL-Δ = 0.21 eV obtained by Ahmad and Adams from electrical 
transport measurements,26 and ΔΕL-Δ = 0.22 eV from an analysis of the broadening of the 
direct gap excitonic absorption under pressure.27 Thus the Δ-minimum lies about 70 meV 
above the Γ-minimum in pure Ge, and this difference becomes smaller and eventually 
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reverses sign in Ge1-xSix alloys. But even in the case of pure Ge, the population of Δ-
valley under photoexcitation is calculated to be one order of magnitude higher than that 
of the Γ-valley, due to its much higher density of states. To compute the peak energy for 
possible emission from the Δ-valley we use the expression: 
 
, (3.7) 
 
where E is the emitted photon energy, mv is the effective hole mass, m||  and m⊥  are the 
longitudinal and transverse effective masses at the Δ-valley, Ω a phonon frequency, EΔ 
the Δ-valley minimum energy with respect to the top of the valence band, and ΔF the 
separation between quasi-Fermi levels in the conduction band. Combining the above 
result ΔΕL-Δ = 0.21 eV with the compositional dependence of the EΔ energy measured by 
Weber and Alonso, we obtain at room temperature EΔ = 0.874 +0.046x+0.206x2 (in eV). 
The maxima of the emission profiles computed by inserting this expression in Eq. (3.7) 
with a phonon energy  !Ω  = 34.5 meV (corresponding to a Ge-Ge like optical vibration) 
are shown as a dashed-dotted line in Figure 46, and we see the calculated values not only 
exceed the observed EP energies by a considerable amount by fail to account for the 
compositional dependence of EP. Our calculation assumes fully relaxed layers, but if we 
incorporate strain effects (including the splitting of the six Δ-valleys), the predicted peak 
energies remain almost unchanged for the low levels of strain in our samples. 
Alternatively, one might assume that the dominant contribution arises from a Si-Ge like 
vibration with  !Ω  ~ 50 meV. This would slightly lower the dotted line in Figure 46, but 
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would not change its compositional dependence. Thus it seems unlikely that the EP 
emission arises from the Δ-valley contribution. 
Since the EP energy seems to be tracking the E0 energy, an alternative explanation 
for the EP emission might be a phonon replica of the E0 emission. The average energy 
separation between E0 and EP is 60 meV. This corresponds to Si-Si-like phonon energies 
in the Ge1-xSix. However, it is hard to see why Si-Si vibrations would make such 
aprominent contribution at Si-concentrations where there are very few Si-Si bonds in our 
samples, and it is not clear why a phonon replica of E0 would have an intensity 
comparable to no-phonon direct gap E0 emission. Yet another explanation might involve 
the existence of Si-depleted regions in the samples, for example at the interface with the 
buffer/substrate or near the surface. These regions might occupy a negligible volume, so 
that they do not become apparent in the ellipsometry measurements, but their 
contribution might be enhanced in emission because E0 in those regions would have a 
lower value. However, this explanation would imply that all EP peak energies should be 
higher than that of pure Ge, and this is not the case experimentally, as clearly seen in 
Figure 45 and Figure 46. Further work will be needed to find a plausible explanation for 
EP.  
With a detailed understanding of the compositional dependence of the Ge1-xSix E0 
gap, we can now approach the subject of a global Ge1-x-ySixSny fit. 
5. A Global Description of Ge1-x-ySixSny Band Gaps 
When examining the global band gaps for the ternary alloy we will be interested a 
given composition’s degree of directness. Here we define the degree of directness as the 
parameter δ, given by  δ = E0 − Eind . This is the difference between the direct and indirect 
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band gap energies. To compare the degree of indirectness in Ge1-ySny and Ge1-x-ySixSny 
alloys with the same E0, we examine the derivative
 
∂δ ∂x
E0
= −∂Eind ∂x E0
. From the 
measured E0 and Eind data, we obtain an estimate of this derivative as 
 
∂δ ∂x
E0
= Eind 0, ′y( )− Eind x, y( )⎡⎣ ⎤⎦ x , where Eind(x,y) is the measured indirect gap in the 
Ge1-x-ySixSny sample and Eind(0, y′) is the indirect gap in a  
Ge1− ′y Sn ′y  alloy where y′ is 
such that its direct gap E0 is the same as the measured E0 in the ternary Ge1-x-ySixSny 
sample. The values y′ and Eind(0,y′) are obtained using the known compositional 
dependence of E0 and Eind in Ge1-ySny that were presented in Chapter II. The results are 
shown in Figure 47. Since the derivative is computed as a difference between two large 
Figure 47: Si-composition derivative (at constant direct gap) of the degree of indirectness in several Ge1-
x-ySixSny alloys. The experimental values correspond to EL results from diodes as well as PL data from 
section A of this chapter. The solid line is from Eq. 3.9. The dotted line is the prediction assuming a 
linear interpolation of band gaps between the three elemental semiconductors. The dash-dotted line is the 
prediction from the bilinear model presented previously. The schematic constant band gap contour lines 
on the right panels illustrate the positive and negative derivative situation. The arrow shows the 
compositional “path” at constant direct gap E0. 
Equation 3.9 
Equation 3.3 
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numbers, the noise is large, but it is apparent that most data points indicate a negative 
derivative, which implies that adding Si makes the band structure less indirect. It is easy 
to show, as schematically illustrated on the right panels in Figure 47, that negative values 
correspond to the constant band gap contour derivative 
 
∂y ∂x
Eind
being greater than 
 
∂y ∂x
E0
. A simple linear interpolation between Si, Ge and α-Sn would lead to the 
opposite conclusion. Using the room temperature values  E0
Ge   = 0.80 eV,  E0
Si   = 4.1 eV, 
 E0
Sn   = -0.42 eV,  Eind
Ge  = 0.66 eV,  Eind
Si  = 1.93 eV, and  Eind
Sn  = -0.035 eV, we find 
 
∂y ∂x
Eind
= Eind
Si − Eind
Ge( ) EindGe − EindSn( )  = 1.8 but  ∂y ∂x E0 = E0
Si − E0
Ge( ) E0Ge − E0Sn( )  = 
2.7. This leads to a positive 
 
∂δ ∂x
E0
, as shown in Figure 47. In section (A) of this 
chapter we proposed bilinear fit expressions for the ternary Ge1-x-ySixSny E0 and Eind 
energies. Using those linear coefficients, we predict the dash-dotted line in Figure 47, 
which is closer to the experimental data but still much larger. A major shortcoming of 
such bilinear fits is that they do not agree well with the known compositional 
dependencies in Ge1-xSix and Ge1-ySny. To enforce such agreement, we perform new fits 
using the quadratic expressions 
 E0 = E0Ge (1− x − y)+ E0Six + E0Sny − b0GeSix(1− x − y)− b0GeSny(1− x − y)− b0SiSnxy , (3.8a) 
 
 
  
 
 Eind = EindGe (1− x − y)+ EindSi x + EindSn y − bindGeSix(1− x − y)− bindGeSny(1− x − y)− bindSiSnxy , (3.8b) 
 
Here the first three terms represent the linear interpolation between the end points Ge, Si 
and α-Sn, and the remaining terms give a quadratic correction whose coefficients are the 
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bowing parameters for the three possible binary alloys in the Si-Ge-Sn system. As seen 
previously, the Ge1-xSix bowing parameters are very small. We use  b0
GeSi = 0.21  eV and 
 bind
GeSi ∼ 0 . The most accurate bowing parameters for Ge1-ySny were discussed in Chapter II 
(A). For the y < 0.1 range, the values are (in eV)  b0
GeSn =  2.66 – 5.4y and  bind
GeSn =  1.1 – 
0.78y. Inserting all known parameters into Eqs. (3.8a) and (3.8b), fits with this equation 
only require the adjustment of the “SiSn” bowing coefficients. 
Band gap data are shown in a three-dimensional plot in Figure 48 (a). To improve 
the robustness of the fit parameters, we have included not only EL/PL data but also 
responsivity measurements of E0 from Ref. 114. The fit results are shown as colored 
surfaces in Figure 48 (a). We obtain  b0
SiSn =  28.3±4 eV and  bind
SiSn =  7.8±2 eV. These are 
extremely large, reminiscent of “giant” bowing parameters192 in systems such as GaAsN, 
where values as high as  b0
AsN  = 40 eV have been reported for the dilute N limit.193,194 
Using Eqs. (3.8a) and (3.8b) parameters, an approximate expression for 
 
∂δ ∂x
E0
 in the 
x→0 limit of interest is: 
 
, (3.9) 
 
where  C0 = b0
GeSi + b0
GeSn − b0
SiSn  ~ -26 ± 4 eV and  Cind = bind
GeSi + bind
GeSn − bind
SiSn  = -6.8 ± 2 eV  
are the xy coefficients in Eqs. (3.8a) and (3.8b). Here we used constant values  b0
GeSn  = 
2.46 eV and  bind
GeSn  = 1.03 eV, since the compositional dependence of these parameters is 
not essential for our directness argument. Eq. (3.9) is plotted in Figure 47, and we see that 
 
∂δ
∂x E0
= 0.19+ 0.27 E0
Ge − E0( ) 0.47C0 −Cind⎡⎣ ⎤⎦
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it is in much better agreement with the experimental results. We note that a necessary 
condition to obtain negative values of 
 
∂δ ∂x
E0
is  C0 > 2 Cind , which is fulfilled by the 
fit parameters. The reason why adding Si to Ge1-ySny turns out to be qualitatively 
different from adding Si to Ge is that the contour derivatives in Figure 47 are modified by 
additional 
 
C0 y E0
Ge − E0
Sn( )  and  Cind y EindGe − EindSn( ) terms, which are comparable to unity 
for  y ≥ 0.1. 
 The dramatic implications of these results are seen in Figure 48 (b). For samples 
with y > yc, Ge1-x-ySixSny becomes a better direct gap material than Ge1-ySny. The 
compositional dependence of the bowing parameters may add some uncertainty to this 
prediction, particularly because giant bowing parameters comparable in size to  b0
SiSn  and 
 bind
SiSn  are in fact found to be strong functions of composition.192,193,194 In fact, in the only 
Figure 48: The blue (red) spheres are experimental data for the direct (indirect) gaps from PL and EL 
presented in this dissertation along with data from Ref. 114. The blue (yellow) surface is a two-dimensional 
fit of the compositional dependence of the direct (indirect) band gap in Ge1-x-ySixSny alloys. (b) Calculated 
degree of indirectness δ of the fundamental band gap in Ge1-x-ySixSny alloys using the parameters from the 
two-dimensional fit in panel (a). 
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prior attempt to determine by fitting Eq. (3.8a) to experimental data, a value  = 
13.2 eV was found in alloys lattice-matched to Ge up to compositions approaching 40% 
Si and 10%Sn.173 This is less than half the value fitted here to samples with y > x that 
exhibit direct gap emission. It should be emphasized, however, that the condition in Eq. 
(3.9) can be satisfied for much smaller values of  as long as  decreases as well, 
so the expected compositional dependence of  does not necessarily invalidate the 
predictions in Figure 48 (b). Moreover, while it is true that the measured Eind correspond 
to samples with y ≤ 0.05, E0 has been fit to samples with y ≤ 0.095, so that extrapolation 
to the y ~ 0.10-0.13 range is likely to be far more reliable.  
Giant bowing in the Ge1-x-ySixSny system has not been predicted 
theoretically.172,175,195 The largest calculated bowing parameter is  b0
SiSn  = 3.9 eV. (Ref. 
172). There is however substantial experimental evidence of much larger bowing 
parameters, not only for the direct and indirect gaps discussed here but also for a number 
of other direct electronic transitions, such as E1, E1+Δ1, and E′0, as reported in Ref. 196. 
6. Conclusion 
In summary, the fundamental band gaps of the ternary alloy Ge1-x-ySixSny have 
been measured by PL and EL. The ability to resolve the indirect gap signal is owed to the 
growth of low-defect density materials on Ge-buffered Si platforms. Performing a global 
fit to the experimental E0 and Eind Ge1-x-ySixSny band gaps reported to date reveals that this 
system possesses an unexpected potential as a direct gap group-IV semiconductor, with 
extended band gap tunability and increased directness relative to Ge1-ySny. These results, 
combined with the demonstration of Ge1-x-ySixSny LEDs, should stimulate further 
b0SiSn b0SiSn
b0SiSn bindSiSn
b0SiSn
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experimental and theoretical studies on the compositional dependence of the band gaps in 
the ternary alloy. Of particular interest is the range near x ~ 0.5, y ~ 0.1, where giant 
bowing parameters might lead to direct band gap materials with emission near the 1550 
nm range of fundamental interest for telecommunications. 
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IV. STEPS TO A DIRECT GAP GROUP-IV LASER ON SI: DEGENERATE 
GE-SN JUNCTIONS AND WAVEGUIDES 
Portions of text and figures in this chapter were previously published as J. D. Gallagher, 
C. L. Senaratne, P. M. Wallace, J. Menéndez, and J. Kouvetakis, and J. Menendez, Appl. 
Phys. Lett. 107, 123507 (2015) and have been reproduced with permission.  
A. Degenerate pn Junction Devices 
1. Introduction 
To date Si has been shown to be a suitable waveguide and signal transport 
medium over the 1300-1700 nm wavelength range of interest for dual photonic 
communication and computation. Several materials, including the Ge1-ySny and Ge1-x-
ySixSny systems discussed thus far in this dissertation, have demonstrated the capacity to 
serve as integrated signal detectors and modulators within such a scheme. The elusive 
challenge in this field has been the successful integration of a suitable light source, 
preferably a laser, within these wavelengths of operation on a Si wafer.   
Electrically-pumped Ge-laser devices have been demonstrated using diode 
structures consisting of polycrystalline p-type Si deposited on n-type Ge.81 The 
optimization of such structures based on carrier and light confinement is not trivial due to 
the requirement to maintain the quasi-direct character of the emitting layer, which 
depends very sensitively on the separation between the Γ-point conduction band state and 
the quasi-Fermi level. Alloying with Sn and Si represents the main tool available to 
achieve better confinement.173,197,198 However, Ge1-ySny and Ge1-x-ySixSny pn light 
emitting diodes (LEDs), the basic starting block for such optimization work, have 
received very little attention so far. In fact, virtually all reports of light emission from 
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Ge1-ySny and Ge1-x-ySixSny diodes are based on pin designs in which a relatively thick 
nominally intrinsic layer is inserted between the p- and n-electrodes.106,164,165,166,176,177 
Here the fabrication and optical properties of Ge1-ySny pn LEDs are presented. It is shown 
that the emission properties depend very sensitively on the doping levels and Sn-
concentrations on both sides of the junctions, making this system not only a serious 
candidate for a laser device but also an ideal model system to study the properties of 
quasi-direct light emitting devices.      
2. Growth and Materials Properties of Ge1-ySny Degenerate pn Junctions on 
Ge/Si(100) Substrates 
The devices investigated in this study were grown on Ge-buffered Si wafers as 
discussed in previous chapters of this dissertation. Figure 49 (a) shows a schematic 
representation and Table VI summarizes the important parameters of the samples 
discussed in detail.  The Ge buffers (not shown in Figure 49 (a)) were produced on 4” 
Si(100) with 1 µm thickness using depositions of Ge4H10 at 360oC. The substrates were 
cleaved into four quadrants and cleaned by dipping in 10% aqueous HF prior to growth.  
The deposition experiments were performed using two separate reactors. The n-Ge1-ySny 
layers were grown in an ultra-high vacuum chemical vapor deposition (UHV-CVD) 
system between 305oC and 280oC using gas mixtures of Ge3H8 and SnD4 diluted by 
  
 n-Layer Properties  p-Layer Properties 
Sample Sn (y%) 
d 
(nm) 
Strain 
(%) n (cm
-3) 
EL 
peak 
(eV) 
 Sn (z%) 
d 
(nm) 
Strain 
(%) p (cm
-3) 
EL 
peak 
(eV) 
A 6.5 450 -0.15 1.30×1019 0.576  3.5 100 0.26 11.70×1019  
B 12.3 535 -0.29 0.53×1019   8.5 100 0.20 3.00×1019  
C 10.5 360 -0.35 1.80×1019 0.504  8.5 125 -0.08 1.00×1019 0.557 
D 9.3 525 -0.35 0.48×1019 0.512  8.6 300 -0.25 2.40×1019  
 
TABLE VI: Sample parameters for the devices discussed in this study. 
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research-grade H2. The film thicknesses 
ranged from 350-550 nm and their 
compositions varied from 6.5 to 12.3% Sn 
depending on temperature and precursor flux. 
N-type doping was performed by adding 
P(SiH3)3 to the Ge3H8/SnD4/H2 precursor 
mixture. P(SiH3)3  concentrations of 0.14 – 
0.40 L-Torr in the reaction mixture yielded 
film donor densities in the 5×1018 cm-3 – 
2.5×1019 cm-3 range.  The latter values were 
determined by IR ellipsometry and 
corroborated by SIMS, indicating that the P 
atoms in the samples are fully activated, 
despite the low growth temperatures.64 The 
doping levels are thus of the same magnitude 
as those used in prior studies to enhance pure-
Ge emission.74,80,199 The SIMS data also 
revealed residual Si levels typically lower than P and significantly below that expected 
from the 1:3 P/Si ratio in the precursor. This is presumably due to side reactions that 
remove SiH3 groups from the precursor. The Si impurities are substitutional and do not 
affect the emission properties of the alloys described here in any measurable way. 
The p-layers were produced in a separate UHV-CVD chamber using diborane 
(B2H6).  The tool in this case comprised a horizontal quartz reactor resistively heated by a 
Figure 49: (a) Cross sectional schematic of 
LED pn device. Background is a high 
resolution XSTEM image of sample D, where 
the approximate location of the p-n interface is 
marked by the change in color.  The image is 
taken in (110) projection and the lines 
represent (111) lattice fringes. (b) XSTEM 
bright field image of entire structure for 
sample D showing the Si substrate, Ge buffer 
and pn GeSn diode. The arrow marks the 
buffer-diode interface. Sample produced by 
Charutha Senaratne. See J. D. Gallagher, C. L. 
Senaratne, P. M. Wallace, J. Menéndez, and J. 
Kouvetakis, Applied Physics Letters, 107, 
123507 (2015).  
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three-zone furnace.  The setting of each zone can be independently adjusted to allow 
tuning the temperature profile to pre-activate the compound by heating the gas stream 
before reaching the reaction zone. This procedure promoted the incorporation of B 
contents up to 1.2×1020 cm-3 and ensured near full activation of the acceptor atoms at 
ultra-low temperatures between 285oC and 305oC.  Prior to growth a cleaning step was 
applied by flowing Ge2H6 over the n-layer for 5 minutes to create a deposition-ready 
surface for subsequent epitaxy of the p-layer.  Under these conditions p-Ge1-zSnz (z = 3.5 
– 12% Sn) layers with thicknesses up to 300 nm were grown on top of the n-Ge1-ySny 
counterparts yielding complete pn junctions, as illustrated by the XSTEM image in 
Figure 49 (b) which shows a typical device stack with ~ 9% Sn.  SIMS measurements 
revealed uniform distributions of the B and P atoms in the p and n regions of the devices 
followed by sharp transitions of the atomic counts at the interfaces.  
For each sample produced in this study the Sn content of the p-layer was chosen 
to be sufficiently close to the n-layer so that the two materials grow fully coherent and 
lattice matched. The fringes in Figure 49 (a) are from a high resolution image at the 
interface for sample D and demonstrates no defects in the field of view due to the 
pseudomorphic growth conditions of the p-layer to the n-material. XRD measurements of 
the Bragg (004) reflections and (224) reciprocal space maps of the same sample reveal 
that the diode is lattice matched within the plane of growth and exhibits minimal interface 
strains due to the close similarity of Sn content in the constituent layers. 
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The LEDs were fabricated using the methods described in section 2 of Chapter II 
(B) this dissertation. In this case the mesa patterns are defined by photolithography 
followed by etching the film approximately halfway down (200-300 nm) into the n-Ge1-
ySny layer using a BCl3 reactive-ion source. The design of the final device is shown in the 
schematic of Figure 49 (a).  
3. Optical and Electronic Properties of Ge1-ySny Degenerate pn Junctions on 
Ge/Si(100) Substrates 
The EL measurements were performed at room temperature under forward bias as 
discussed in section 4 of Chapter II (B). For samples with Sn content above 7% Sn, the 
Figure 50: Room temperature EL from sample A as a function of injection current.  
Inset shows the EL signal from the n-layer of sample B obtained using an InGaAs 
detector. 
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EL spectra were acquired using a thermoelectrically cooled PbS device as well with a 
detection range extending down to 2700 nm. 
The initial pn devices fabricated using the above procedures were designed so that 
the p-doping of the top layer was significantly higher than that of the underlying n-layer.  
Under these conditions the depletion region should be largely displaced into the n-region 
where carrier recombination predominately occurs. In this case we should expect the EL 
spectra to exhibit emission peaks emanating primarily from the n-layer.  This is 
corroborated by the EL spectrum from sample A in Figure 50, which shows a single peak 
at 0.576 eV, consistent with direct gap emission from the n-Ge0.935Sn0.065 material for this 
layer’s strain and doping. Because the p-layer Sn concentration is significantly less, 
emission from this layer should be easily distinguishable from that of the n-layer if 
present.  The spectra in the figure also show that the peak intensity increases super-
linearly as a function of injection current in the 0.2-0.6 A range.  This behavior was 
shown in previous sections from pin type Ge1-ySny devices. 
Next we produced an analogous pn sample with much higher Sn concentrations 
(sample B). Similarly to the sample A case, we do not see evidence of emission from the 
p-layer with 8.5% Sn, but a tail that we assign to emission from the n-layer with 12.3% 
Sn.  In fact, this layer is expected to have a peak emission wavelength of ~2860 nm based 
on the sample composition and strain, well beyond the detection threshold of the PbS 
detector.  Since the Ge0.877Sn0.123 material is expected to be a direct-gap semiconductor, 
this result suggests a viable path toward electrically injected laser devices based on such 
structures.  
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Next we changed the doping distribution profile of the depletion region in the 
device design by using nearly equal amounts of p and n doping. An example is Sample C, 
whose emission in Figure 51 shows two peaks at 0.504 eV and 0.557 eV corresponding 
to direct gap emission from the n- and p-layers, respectively. This is assigned to the more 
symmetric depletion layer in the n ~ p case. The lines in Figure 51 are fits with EMGs, 
the motivation for using this lineshape has been discussed thoroughly in prior sections. 
The inset of Figure 51 displays the detailed device design used to obtain this result.  
Figure 51: EL spectrum from sample C, a device with similar doping levels but 
dissimilar Sn contents, as shown in the schematic. The lines show a two-peak fit of the 
emission. The peaks are assigned to the n- and p-layer emission. 
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The differences in Sn concentration in the layers of the above devices, while 
significant to produce a clear spectral signature, are small enough to keep the layers fully 
strained with defect-free interfaces. However, due to the potential for generating strain 
relaxation defects under demanding processing conditions, we proceeded to produce 
samples with similar amounts of Sn on both layers, so that the relative strain is 
minimized. Sample D is an example whose EL spectrum is shown for the diode in Figure 
52 (a). The single peak at 0.512 eV, is attributed to direct gap emission from the n-type 
layer based on the p >>n argument discussed above.   
Figure 52 (b) shows the current dependence of the EL intensity for samples A and 
D. The data points are obtained by integrating the fit EMG profiles over their energy 
range. Both devices demonstrate a super-linear dependence of this integral intensity on 
injection level. The greater intensity output from sample D relative to the sample A is 
attributed to the former being more direct, since its composition lies at the threshold of 
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Figure 52: (a) Room-temperature (EL) spectra from sample D at a current density of 980 A/cm2. The higher 
noise level is due to the use of a thermoelectrically cooled PbS detector to cover the entire spectral range. 
The solid line is a model fit with an EMG profile.  (b) EL integral intensity plots from samples A and D. 
The inset shows differential conductance vs. voltage for samples A, B, and D. 
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transition to direct gap semiconductors. Sample A shows a stronger intensity dependence 
on the injection current. This is because the ratio of the population in the Γ and L valleys 
of the conduction band (nΓ/nL) increases as a function of total injected carrier 
concentration for indirect gap materials such as 6.5% Sn, whereas in the case of 9.3% Sn 
this ratio is expected to remain constant as more carriers are added.  
The inset in Figure 52 (b) shows plots of differential conductance (dI/dV) vs. 
applied bias for samples A, B, and D. The p-doping concentrations for each of these 
samples are nearly one order of magnitude greater than the corresponding n-doping 
counterparts. The plots from each device show a conductance minimum at forward bias 
levels less than 0.2 V, which is reminiscent of Esaki-type electrical behavior.200 We note 
that sample D, for which the relative interfacial strain is lowest, is the only sample that 
reaches truly negative differential conductance conditions. This outcome is consistent 
with a reduction of excess currents originating from of interfacial defects.201  
4. Conclusion 
The demonstration of working pn junctions in this section should stimulate further 
studies to produce entire families of devices with varying film parameters whose optical 
and electrical properties are refined and optimized.  The observation of significant light 
emission described here represents a step forward for the development of electrically 
pumped quasi-direct Ge1-ySny lasers.   
B. Optically Pumped Waveguides 
1. Introduction 
As discussed previously in this dissertation, reports of lasing devices based on 
group-IV materials have emerged within the last 5 years. Initially Liu et. al. reported the 
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first optically pumped Ge device.80 In this case, lasing at room temperature was obtained 
from tensile strained materials that were heavily doped n-type in the range of 1019 cm-3. A 
few years later, this same group produced an electrically pumped device on Si as well.81 
The same strategies were employed to obtain quasi-direct band gap characteristics so that 
lasing could be achieved at room temperature. Namely, the Ge layer was tensile strained 
and doped n-type into the degenerate limit. A disadvantage to these devices is the heavy 
n-type doping of the active region which exhibits a high degree of free carrier absorption 
and the fundamentally indirect character of the band structure, limiting the practical 
50 μm!
Si(100)!
Ge 1.0-1.5 μm!
n+ Ge1-ySny 400-700 nm!SiO2!
Figure 53: (Top) Schematic stack of a n-Ge1-ySny laser waveguide sample. 
(Bottom) Top-down optical image of waveguides after passivation layer 
deposition. 
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functionality of these lasers. This is highlighted by the high current densities that were 
necessary to obtain lasing from the electrically injected device (over 300 kA/cm2). Lasing 
has also been reported in optically pumped Ge1-ySny waveguides.110 In this case, intrinsic 
materials at compositions y > yc were grown on Ge-buffered Si platforms, similar to the 
protocols discussed in previous chapters to obtain high-quality Ge1-ySny layers. However 
lasing was only obtained at low temperature in an optically stimulated device, likely due 
to the relatively low population of the Γ valley relative to the L, even in the case of 
technically direct gap materials (see Figure 21).  
In this section, we discuss the development of a hybrid approach between these 
two methods to attempt to obtain lasing in Ge1-ySny materials. The strategy is to produce 
high quality materials on Ge-buffered Si platforms that contain a significant Sn fraction 
to decrease the Γ-L separation and are doped n-type into the degenerate limit to enhance 
the optical capabilities. These samples are then processed into waveguide structures and 
are being measured at the University of Dayton. To date these devices have been reported 
as showing signs of stimulated emission from optical pumping under ambient 
conditions.202 
2. Growth and Materials Properties of n-Ge1-ySny Waveguides 
Figure 53 top panel demonstrates the design and fabrication of heavily-doped (n = 
0.5-8.0×1019 cm-3) Ge1-ySny waveguide structures integrated on Si(100). These samples 
consist of thick (400-700 nm), bulk-like n-Ge1-ySny materials with Sn compositions above 
and below the threshold to direct gap semiconductors grown upon Ge-buffered Si. The 
advantage of heavy n-type doping Ge1-ySny layers is that it provides the opportunity to 
observe lasing in samples at room temperature, possibly at compositions below the 
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indirect-to-direct gap crossover, due to the enhanced population of carriers in the 
conduction band combined with a reduced Γ-L valley separation. The doping is achieved 
by use of the rationally designed tetrahedral P(SiH3)3 unit. The integration of this 
molecule with the growth process was described in part A of this chapter. RBS, XRD, 
spectroscopic ellipsometry, and SIMS measurements revealed that the layers produced by 
this growth method are thick, single phase crystals aligned to the Si substrate with fully 
substitutional Sn atoms and activated P dopants. 
 Waveguide mesas 4 mm long and widths ranging from 1.6-100 µm are defined 
by standard photolithography and reactive ion etch techniques as shown in the bottom 
panel of Figure 53. These patterns were formed by the same processing techniques 
described in prior sections. The mesas are passivated with a thin SiO2 film with thickness 
optimized to minimize the reflectance of this layer to the pump photons incident on the 
sample. After this, sections of the waveguides are cut from the wafer using a diamond 
saw and both ends perpendicular to the waveguides are polished to a mirror finish using 
diamond lapping paper. The finest grit of lapping paper applied in this case was 0.1 µm. 
Once polishing is completed metals are deposited onto one end of the polished facets to 
optimize confinement of the light in the cavity and to minimize losses. 
3. Optical Properties of n-Ge1-ySny Waveguides 
 The optical properties of the waveguides were initially characterized at Arizona 
State University in collaboration with Prof. Cun-Zheng Ning’s lab. Briefly, excitation 
was achieved using two light pump sources: a Ti:Sapphire laser with an 810 nm 
wavelength operating at 80 MHz and a UV laser with a 349 nm wavelength pulsed at 2 
kHZ. The pulse widths of these lasers are 150 fs and 4 ns, respectively. The maximum 
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average power of the Ti:Sapphire laser is 1.1 W while the UV laser can deliver up to 36 
µJ/pulse. The beam profile of the lasers were formed into a ~ 1 cm x 20 µm stripe using 
cylindrical and spherical lenses such that a single waveguide could be excited at a time, 
as confirmed by using a Si-based IR camera. The laser light was incident from the top of 
the waveguide while the light was collected out of the facet without a metallic film. The 
light was sent through a Triax320 spectrometer with a 150 grooves/mm grating and a slit 
size of 2 mm. The signal was detected by a LN2 cooled InGaAs photodiode. An optical 
chopper was placed in the beam path prior to the light reaching the sample so that lockin 
detection could be employed for the measurement. 
Figure 54 shows the results from a 6.5% Sn sample from two different laser pump 
sources on a set of 10 µm wide waveguides as a function of the average light power 
incident on the sample. We observe an intensity increase as a function of pumping power, 
however there is no narrowing of any spectral features that would indicate waveguide 
modes are present as these features are very broad. The spectra are reminiscent of the 
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Figure 54: Optical properties of 10 µm waveguides containing ~6.5% Sn from 2 separate excitation 
sources. No waveguide modes are observed as the optical output appears to be reproducing the PL 
spectra of the unprocessed material. 
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room temperature PL of the sample material prior to processing into the waveguide 
device. We note that although waveguide modes were not obtained by these 
measurements, this is likely due to an improperly aligned and/or not-optimized optical 
apparatus rather than poor quality materials and processing protocols. The main issue is 
likely to be a suitable pumping source. The Ti:Sapphire laser pulse is very short 
compared to the carrier lifetimes, it could be that the carriers completely recombine 
before another pulse reaches the sample, eliminating any chance to achieve the necessary 
population inversion for lasing. The issue with the UV-laser is likely due to the fact this 
light pumps carriers into states high above the Γ-valley in the conduction band. The 
carriers may then bypass the Γ-valley in a relaxation cascade. However the collection 
optics may not be well suited for these wavelengths as well. Recent work demonstrated in 
Ref. 202 on the same samples at the University of Dayton in Prof. Jay Mathews’s lab 
have produced more promising results that show lasing is likely occurring at room 
temperature from these devices. 
4. Conclusion 
In summary, the waveguides discussed in this chapter did not show optical modes 
with the resources at ASU. Prof. Jay Mathews’s lab at the University of Dayton however 
is making progress demonstrating that these materials are on their way to realizing their 
potential as group-IV lasers integrated onto Si. 
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V. CONCLUSIONS AND PROPOSAL FOR FUTURE WORK 
This dissertation has presented a series of systematic investigations into the 
optical and electronic properties of the group-IV alloys Ge1-ySny and Ge1-x-ySixSny. In 
Chapter II we demonstrated from room temperature PL of optimized samples that the 
indirect to direct gap crossover composition in Ge1-ySny alloys occurs at yc = 0.087. The 
bowing parameters for E0 and Eind in this system were found to be compositionally 
dependent and this had a significant impact on the yc value compared with previous 
reports. We further went on to show that the emission from these materials was most 
optimized by doping the material n-type which leads to an order of magnitude intensity 
enhancement of the PL signal over intrinsic samples. Passivating the surface with 
hydrogen through plasma techniques was found to best optimize the emission of intrinsic 
samples, but this was still not quite as strong as the n-doped samples. Pin devices using 
these materials as the active i-layer were then fabricated and showed the same transition 
to direct gap materials due to the improved light emission that was obtained as more Sn 
was incorporated into the i-layer. Two models of lifetime measurements based on the EL 
spectra intensities showed that defects at the layer interfaces cause a significant efficiency 
droop due to strain relaxation occurring between lattice mismatched materials. Much 
longer carrier recombination lifetimes are obtained in devices with no strain relaxed fully 
pseudomorphic interfaces. 
In Chapter III, PL measurements of Sn-rich Ge1-x-ySixSny materials demonstrated a 
crossover to direct gap materials exists in the group-IV ternary alloy. This discovery was 
enabled by the first documentation of the Eind energies over the composition space in this 
system. LEDs based on these materials were then fabricated in analogy to the previous 
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Ge1-ySny pin devices of Chapter II and showed good rectifying characteristics, tunable 
absorption edges beyond the detection limit of Ge, and functional LEDs integrated onto 
Si with quasi-direct E0 emission peaks. To enable a complete description of the ternary 
band gaps over the composition space, the E0 energies of Ge1-xSix alloys were 
meticulously measured in the Ge-rich limit, providing the bowing parameters necessary 
to carry out an accurate global fit leaving the SiSn bowing coefficients adjustable. The 
PL from these materials displayed a third peak not attributable to defects or 
compositional inhomogeneities, the origin of which is still unknown. Global fits to all 
available ternary E0 and Eind data showed that there is a very large, compositionally 
dependent bowing coefficient associated with the binary SiSn constituent. The analysis 
revealed that a slight addition of Si into direct gap Ge1-ySny alloys could produce 
improved direct gap materials, contrary to common understanding.  
In Chapter IV the lasing potential of group-IV materials was explored through the 
development of electrically injected Ge1-ySny degenerate pn junctions and optically 
pumped waveguides. The heavily doped pn diodes show potential to be the building 
block for future designs of high-efficiency Ge1-ySny light sources while the waveguides 
have been reported elsewhere to show signs of lasing at room temperature.  
In order to expand on the work presented here, several device based research 
projects can be pursued to determine the best design for a group-IV laser on Si. The first 
set of devices to explore would be ternary degenerate pn junctions. Essentially the study 
would aim to produce analogs to the Ge1-ySny devices presented in Chapter IV to measure 
the effect of Si incorporation on the electronic and optical performance. This 
development could be extended by producing homostructure pin Ge1-x-ySixSny diodes to 
 152 
eliminate all defective interfaces. In this case the lifetime model developed in Chapter II 
can be applied to measure the effect of Si content on the carrier lifetimes.  
The recent development of homostructure Ge1-ySny devices can be expanded on 
by producing devices with varying i-layer thicknesses while holding the Sn content fixed. 
The aim here would be to produce pin devices where all layers are at a fixed Sn 
composition with emission peaks that can be easily resolved with the InGaAs detector. 
The i-layer thickness could be systematically varied over a range of 0-600 nm. The 
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Figure 55: Room temperature EL from the various y = 0.07 Ge1-ySny LEDs presented in 
this dissertation. The figure illustrates the importance of lattice matched interfaces and 
optimal i-layer thickness for the design of electrically pumped group-IV lasers. 
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recommended composition for such a study would be ~7.0% Sn since in Chapters IV and 
II, respectively, we essentially already have data for the starting and end-point devices at 
this composition (See samples GeSn7_h in Chapter II and sample D in Chapter IV).  
To achieve optimal confinement of carriers in the active region, devices with a 
Type-I band offset should be sought out. A systematic approach to this would be to begin 
with a relaxed n-Ge1-x-ySixSny contact layer with equal Si and Sn contents (for example 
5% Si and 5% Sn). For comparison across all samples to be studied and to enable easier 
measurement of the degree of confinement, the p-layer should be made to match the n-
layer composition. The first strategy to obtain confinement in the i-layer would be to hold 
the Si content fixed while increasing the Sn in this layer. Typical compositions could be 
5% Si and 5-15% Sn. The one constraint with this type of device will be that the 
thickness of the i-layer will likely need to be kept below ~300-400 nm in order to ensure 
pseudomorphic growth to the n-contact. Another strategy would be to use the same n and 
p-Ge1-x-ySixSny contacts as in the previous example while fixing the Sn content near 10% 
and decreasing the Si content from 5% to 0% in the i-layer. In both cases we would 
expect the emission to redshift to longer wavelengths for higher Sn devices. However the 
constraint for pseudomorphic growth will mean that these devices will be fighting against 
increasing compressive strain in the higher Sn samples. Overall the aim will be to 
investigate if the emission intensity improves due to increased carrier confinement to the 
i-layer in devices with no strain relaxation defects at both component interfaces.  
Lastly, the results from this dissertation indicate that the growth technology of 
these materials has matured to the stage that the pursuit of an electrically pumped group-
IV alloy laser on Si is a viable research project.  In Figure 55 we compare the 0.5 A room 
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temperature EL spectra from all Ge0.93Sn0.07 LEDs devices discussed previously in this 
dissertation. As expected, the plots show that the strongest light emission comes from the 
lattice matched pin device architecture with no defective interfaces. The two other pin 
diodes in the figures contain a defected n-Ge/i-Ge1-ySny interface and show quenched 
emission relative to the lattice-matched structure. On the other hand, these devices also 
show an increased intensity emission is achieved when the intrinsic layer thickness is 
varied from 400 nm to 700 nm. The importance of intrinsic layer thickness engineering to 
optimize the emission is further illustrated by comparing the intensities of the degenerate 
pn junction LED with the lattice matched pin device containing a 550 nm i-layer. In this 
particular case the pn junction LED is acting as a lattice matched pin diode with a 0 nm i-
layer thickness. For the strain-relaxed 400 nm and 700 nm i-layer devices, the integral 
intensity increases ~3x for a 175% increase in i-layer thickness, however, for the lattice 
matched devices we see the integral intensity increase by ~4.5x between 0 nm and 550 
nm i-layers. This suggests that the long minority carrier diffusion lengths cause a 
significant portion of radiative recombination to occur in the n-Ge1-ySny layers of lattice 
matched Ge1-ySny LEDs. As previously shown in PL studies comparing n-type and i-Ge1-
ySny materials, the n-Ge1-ySny PL emission is nearly an order of magnitude greater than i-
Ge1-ySny emission. From a device design perspective then, i-layers aid to increase the 
emission intensity by providing a greater volume of material that can emit light, however 
the emission from n-type materials is stronger per unit volume. Thus to design an optimal 
electrically pumped Ge1-ySny laser diode, these considerations must be taken into account. 
It is also significant to note that the pn LED peak is redshifted relative to the pin diodes 
since the emission from this device primarily originates in the n-type region where the 
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band gap has been renormalized to a lower energy due to the heavy-doping levels. Finally 
we note that at this level of current injection the pn LED has a higher EL intensity than 
the 400 nm pin device despite the significantly smaller active region volume where 
radiative recombination takes place in the former relative to the latter, a testament to the 
deleterious effects of interface defects on overall device performance.   
Based on these outcomes, the schematic in Figure 56 would likely be the optimal 
structure to achieve electrically pumped lasing in Ge1-ySny materials at room temperature. 
This structure would begin by growing thick (1.0-1.5 µm) low-defect density Ge on 
Si(100) platforms to accommodate the large lattice mismatch between the Si and direct-
gap Ge1-ySny materials (y ≥ 0.09). Next, a heavily doped (n ~ 0.5-1.0×1020 cm-3) Ge1-xSnx 
bottom contact layer is grown by the UHV-CVD methods discussed throughout this 
work. This layer is made thick (~500 nm) on the Ge buffer so that the material relaxes 
during growth and so that Ohmic contacts can be formed well away from the dislocations 
Si(100)!
Ge 1.0-1.5 μm!
n++ Ge1-xSnx 500 nm!
n+ Ge1-ySny 300-500 nm!
i-Ge1-ySny 0-500 nm!
p+ Ge1-ySny 300-500 nm!
p++ Ge1-xSnx 50-150 nm!
Figure 56: Schematic architecture design for a proposed electrically injected Ge1-ySny 
laser diode integrated onto Si. 
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generated at the Ge/Ge1-xSnx interface. A judicious choice x < y is made such that the 
target direct gap Ge1-ySny active materials grow lattice matched to the contact layer. This 
choice also has the effect of creating a wider the band gap in the contact layer that 
confines the carriers to the emitting layers by a Type-I band offset. In order to create the 
necessary population inversion across the diode junction when it is forward-biased, 
heavily doped (n, p ~ 0.5-2.0×1019 cm-3) direct gap Ge1-ySny materials are grown next by 
the same methods as the bottom contact layer. The quantum efficiency of the device may 
be optimized by inserting an intrinsic layer of the Ge1-ySny alloy between the doped 
regions. The thickness of this layer is left as a parameter that may be tuned to optimize 
the efficiency. Finally a thin capping p-Ge1-xSnx (p ~ 0.5-1.0×1020 cm-3) confinement 
layer that mirrors the effect of the n-Ge1-xSnx layer is grown to complete the stack. Upon 
completion of the blanket layer growths the wafer should be processed into equilateral 
triangle resonator waveguide mesa structures203,204 using the previously described 
photolithography, reactive ion etching, and metal evaporation/liftoff techniques.   
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APPENDIX A 
MICROELECTRONIC DEVICE PROCESSING PROCEDURE  
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 The following appendix is dedicated to disclosing the full details of processing the 
group-IV alloy materials discussed in this dissertation into microelectronic devices such 
as photodiode LEDs and waveguides using the resources available in the Ira A. Fulton 
Center for Solid State Electronics Research (CSSER) cleanroom at Arizona State 
University. The process presented here is very similar to that outlined in previous 
dissertations from the Kouvetakis/Menéndez research group by Dr. Richard Beeler and 
Dr. Jay Mathews, however there are a few subtle details that have amended the initial 
processing set out by these two which makes the fabrication of these materials into 
functional devices more robust. I will first outline in detail the photodiode LED 
processing procedure and then briefly discuss the fabrication of waveguide devices.   
Photodiode LED Processing Procedure 
 It is critical to know the following details about the sample before taking it into 
the cleanroom for processing: sample wafer substrate (e.g. Si or Ge), sample layer 
thicknesses, sample layer compositions, intended epilayer etch depth, minimum initial 
oxide thickness, and target passivating/antireflective oxide thickness. The details of how 
to determine the latter of these will come later in this Appendix. If a device originating on 
a Si wafer is to be processed the first step is to sonicate the wafer in methanol for 5-10 
minutes. However if the device to be processed originates with a Ge wafer, the way to 
initially clean one of these wafers is to rinse it with solvents in the following order: 
acetone, methanol, and isopropyl alcohol (IPA). Henceforth the process of cleaning a 
sample with solvents following this process will simply be referred to as a “rinse with 
solvents”. Dry both types of wafers with N2 from one of the gas guns available. A few 
things to immediately note on handling Ge wafers throughout the entire processing 
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procedure: do not sonicate them and only dry them with the low-PSI N2 guns (8-10 PSI) 
or there is a severe risk of breaking the wafer.  
 The next step in the process is to deposit the protective oxide layer. This is done 
in the Oxford PECVD or the PlasmaQuest RPCVD tools. Since this is just a protective 
oxide and will be removed later it is recommended to use the Oxford PECVD over the 
PlasmaQuest RPCVD as the former tool is has a much higher growth rate recipe and its 
operation is almost entirely automated. The recipe to use on the Oxford tool for this step 
is either “SiO2 Dep at 350C 20W” or “SiO2 Dep at 250C 20W”. Both of these recipes 
deposit SiO2 on Si and Ge at approximately 70 nm/min. Knowing that this SiO2 has an 
etch rate in the Cloey tool, which will be discussed later, of 3-5 nm/min it is 
recommended that at least an extra 20-50 nm of clearance be accounted for in the 
thickness of this initial layer. For example, if it was determined prior to taking the sample 
into the cleanroom that the epilayer etch step in Cloey would require 20 minutes then the 
thickness of the protective oxide layer should be at least (20 mins x 5 nm/min) + 20 nm = 
120 nm. However exceeding 150 nm in this case may make subsequent processing steps 
more tedious. If the Oxford tool is down, the PlasmaQuest tool may be used instead. The 
recipe which is used on this tool is called “SR_Rouck” and deposits SiO2 on Si and Ge at 
5.1-5.6 nm/min. This variance in growth rate is due to how well the plasma is tuned on 
this tool. PlasmaQuest is older than the Oxford tool and its operation requires manually 
tuning of the waveguide cavity to generate the plasma necessary for the growth.  
 The next step in the processing is the first photolithography step to pattern the 
device mesa structures. This procedure is designed to resolve feature sizes down to ~1 
µm while also promoting good adhesion to the SiO2 layer so that the photoresist does not 
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delaminate during subsequent oxide etches in HF-based solutions. To perform the UV 
exposure, the OAI 808 or EVG 620 aligners may be used. If the OAI is used the exposure 
time is set by the user so it is good to measure the power of the lamp and calculate the 
appropriate exposure time before processing. Additionally, it is good to use the OAI in a 
“contact vacuum” mode for this process as it gives higher feature resolution leading to 
better mesa definition. The EVG does not have this capability so only a “hard contact” 
can be used on this tool. If the EVG is to be used there is a recipe called 
“Jimmy_1st_Photodiode” that is programmed to expose the wafer to 38 mJ/cm2 of UV 
light so no pre-exposure lamp check or exposure time calculation is necessary. The steps 
proceed as follows: 
Rinse with solvents and dry with N2 
Dehydrate bake on a hot plate at 150C for 2 mins 30 sec.  
Tape the sample face-up to a quarter piece of blue processing tape 
Spin HMDS at 500 rpm, 2 sec ramp, 5 sec spin; 3000 rpm, 5 sec ramp, 30 sec spin  
Bake at 150C for 2 mins 
Spin AZ-3312 resist under the same conditions as the HMDS 
Soft bake at 115C for 60 sec 
Expose to 35-40 mJ/cm2 UV light on the OAI or EVG 
Post-exposure bake 110C for 50 sec 
Develop in AZ-300 MIF developer for 55 sec 
Rinse thoroughly with DI water and dry with N2 
Inspect the wafer in an optical microscope for quality 
If quality inspection is passed, hard bake at 150C for 2 mins 30 sec 
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 There are a few suggestions at this point for the processor. Watch out for patterns 
of faint white fringes in between the photoresist mesas under the microscope during the 
optical inspection. If these fringes are present then the development is not complete and 
there is still photoresist where these white fringes are. This will interfere with future 
processing and the success of the devices if all the photoresist between the mesas is not 
cleared out during the development step. If left on the wafer it will create a micromasking 
effect that will leave behind residual SiO2 between the mesas. This will ultimately form a 
highly resistive black residue in regions of the wafer where the bottom contacts will be 
formed after the etch step is performed in the Cloey tool. Additionally, once this process 
is started the processor can not take the wafer out of the photolithography bay area until 
after the hard bake is completed. Failure to do so will compromise the ability of the 
photoresist to tolerate HF during the subsequent oxide etch step.  
 If the device being processing was grown on a Ge wafer it needs to be glued to a 
Si-wafer carrier dummy for this photolithography process to prevent the Ge wafer from 
breaking when the mask on the aligner comes into contact with the sample surface. The 
gluing procedure is as follows: 
Rinse the Si dummy wafer with solvents and dry with N2 
Spin HMDS on Si wafer at 500 rpm, 2 sec ramp, 5 sec spin; 3000 rpm, 5 sec ramp, 30 
sec spin 
Spin AZ-4330 resist onto Si wafer under the same conditions as the HMDS 
Place Ge-substrate sample on Si wafer, gently press down at the sample corners 
Bake for 2 mins at 100C on a hot plate 
Bake in vacuum oven at 80-100C for at least 30 mins 
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Rinse with solvents and N2 dry (CAUTION: remember to use a 8-10 PSI N2 gun) 
 After the first photolithography is performed and the hard bake is completed it is 
safe to take the sample into the areas where the cleanroom is illuminated by white light. 
Next the first SiO2 etch is performed. This step is designed to selectively etch through the 
protective oxide layer around the photoresist mesas down to the epilayer sample surface. 
This will then form mesa patters of photoresist on SiO2. The etch rate of the SiO2 in the 
clean-room provided BOE (buffered-oxide etch solution) that is a diluted 20:1 
Ammonium fluoride: Hydrofluoric acid solution is 1.10-1.25 nm/sec. Determine the 
necessary time to etch through the oxide layer prior to taking the following steps: 
Rinse the sample with DI water 
Dip sample in 20:1 BOE solution for required time, slightly agitating 
Dip sample in DI water and agitate mildly for a few seconds 
Thoroughly rinse with DI water and dry with N2 
Inspect sample with an optical microscope for quality 
 Under the microscope, watch out for signs of photoresist delamination from this 
step. The lithography processing outlined above is designed to reduce photoresist 
delamination in HF, however there are always risks that the AZ-3312 on a particular day 
may be of poor quality. If this happens there will be liquid regions under the microscope 
that are not fully dried and sitting between the mesas. This is highly undesirable as the 
longer this residual liquid remains on the surface between the mesa patters, the longer the 
HF in this liquid is etching at the oxide mesa patterning. If this occurs try repeating a 
brief oxide etch right away for ~10 sec in the BOE while making sure to aggressively 
rinse the sample during the DI water rinse steps. If the problem persists to such an extent 
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that much of the sample has this issue, remove the photoresist and oxide layers 
completely and restart the processing from step one. 
 Prior to loading the sample into the tool known as “Cloey” it is a good idea to 
remove the photoresist from the sample surface so that it does not react with the BCl3 
plasma during etching. The plasma can cause the photoresist to chip off and burn into the 
surface which irreversibly contaminates the sample, ruining the device. The photoresist 
may be removed by submerging the sample in 100-200 mL of AZ-400T Stripper at 90-
120C for 5-10 minutes. Do not heat AZ-400T above 120C or it may cause the photoresist 
to caramelize and contaminate the sample. Once this is done, thoroughly rinse the sample 
surface off with DI water and dry with N2. 
 While the photoresist is being removed it is a good idea to begin preparing Cloey 
for the etch process. This tool is an Oxford M80 RIE (reactive ion etch) instrument. The 
recipe to use is “GeSn BCl3 with O2 clean”. Prior to venting the chamber and loading the 
sample, verify that the previous user has run the line pump out recipe and at least a 10-15 
minute O2 clean of the chamber has been performed, or make sure that they used a 
process that exclusively used BCl3 if they did not clean the chamber. Open the 
aforementioned recipe and initiate a dummy run without the sample to ensure nominal 
tool performance. For the dummy run it is recommended that the O2 clean step of the 
recipe be ran for an additional 5 minutes and that the BCl3 etch step be set for at least 5 
minutes as well to condition the chamber and to check that the BCl3 flow rate through the 
controller is at its mandated level of 50 sccm. After successfully performing the dummy 
run the chamber may be vented to load the sample. During the live run on the sample set 
the time on the recipe O2 clean for 2-3 minutes to remove any residual organics from the 
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surface that might be left following the photoresist removal in AZ-400T Stripper. The 
BCl3 etch time must be known prior to using this tool. Typically Ge etches at 30-35 
nm/min with this recipe, however most samples are GeSn and/or GeSiSn alloys that will 
vary in etch rate depending on the alloy concentration and tool performance on a given 
day. The general trend is that higher Sn-containing materials etch faster and higher Si-
containing materials etch slower. For example, a typical etch rate for 6-8% Sn, GeSn 
materials is 50-65 nm/min. However by adding 2-4% Si the etch rate decreases to about 
40-50 nm/min, respectively. The difficulty with nailing down exact etch rates is due to 
the fact that Cloey is a very finicky tool. Various issues that I’ve operated the tool under 
have been: unstable or too high BCl3 flow due to mass flow controller issues, failing 
chamber turbo pumps that cause fluctuations in pressure, and failing RF power supplies 
that cause the plasma blink off and on. All of these issues affect the etch rate of the recipe 
on any given alloy material. It is therefore recommended that the processor keep a 
vigilant eye on the status and condition of this tool so as to be able to adjust accordingly 
to the various issues that may arise. 
 Following the etch in Cloey, measure the mesa sidewall profile using the Dektak 
profilometer in the cleanroom. Be sure to properly subtract the oxide thickness from the 
profile and that the depth into the target bottom contact layer is deep enough to ensure 
that there will be no shorts across the devices after the metals deposition. For example, an 
ideal etch depth into a 800 nm n-Ge layer would be 250-400 nm if the plan is to later 
deposit 20 nm Cr followed by 180-200 nm Au during metallization. This prevents 
forming a short across the device and keeps the carriers well away from possible interface 
defects with the substrate at the bottom of the layer. Continuing with the example, let’s 
 178 
say that the initial protective SiO2 coat was 140 nm, the total thickness of all other layers 
on top of the 800 nm n-contact is 650 nm, and that the expected etch rate of these 
materials is 60 nm/min. A sensible time to choose for the BCl3 etch step in this case 
would be (300 nm + 650 nm)/(60 nm/min) = 15.83 minutes ~ 16 minutes. After running 
this process it is found that the Dektak measures the total profile thickness of etched 
material + oxide to be 965 nm. Recalling that the SiO2 etch rate in Cloey is 3-5 nm/min 
we can obtain a conservative estimate of the etch depth into the contact layer and the etch 
rate of the material: depth into contact layer = 965 nm – (140 nm – (3-5 nm/min)×16 
min) – 650 nm = 220-255 nm, at 54-57 nm/min. Even though the etch depth into the 
contact layer is likely slightly below the target range in this case, as long as the total 
metal thickness (Cr + Au) is less than 200 nm this depth profile will produce a working 
device. This example also highlights the importance of choosing an appropriate 
protective oxide thickness in the early stages of processing. If the initial SiO2 layer is 
grown too thin for the required etch time, this layer may be removed during the etching. 
If this happens the entire wafer will start to be uniformly etched by the BCl3 plasma and 
the top contact layer may be etched away, ruining the device. In the case of this example 
we see that there should still be 60-90 nm SiO2 left on the device mesas. 
 The next step in the processing is to remove the protective oxide coat and deposit 
a passivating anti-reflective SiO2 coat across the entire wafer. To do this, submerge the 
sample in a 1:10 HF:Methanol solution in a Teflon beaker until all of the oxide is visibly 
gone. Keep the sample submerged and gently agitate the solution for an additional 60 
seconds to make sure all of the oxide is removed, then dip the wafer in a pure methanol 
solution to quench the HF. Promptly dry with a N2 gun and load the sample into either the 
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Oxford PECVD or PlamaQuest RPCVD tools for the oxide deposition. This must be done 
as quickly as possible to minimize the amount of native oxide that forms on the surface of 
the wafer under ambient conditions. If the PECVD is used for the SiO2 deposition there 
are specific recipes that have been developed for this step: “SiO2 Slow Dep Hi Strike 
350C” and “SiO2 Slow Dep Hi Strike 250C”. These recipes deposit SiO2 on group-IV 
materials at 6.2-6.4 nm/min. The strategy behind these two processes is to strike the 
plasma with a high power (25W) and then grow the material at a lower power (5W) to 
achieve the low growth rate necessary for good sidewall passivation. The tool operator 
must do this manually so it is critical to keep an eye on the process when striking the 
plasma because the power must be turned down to 5W as soon as possible after the 
reflected power in the chamber reads 0W (plasma ignited). If PlasmaQuest is used for 
this step the “SR_Rouck” recipe mentioned previously is used in this case as well.  
Since this oxide layer functions as an antireflective coating as well it is important 
to determine the target SiO2 thickness prior to growth. The optimal thickness can be 
calculated using the Igor program “Reflectance_calculator_SOI”. The oxide thickness 
should be chosen to minimize the reflectance of this layer to photons with energy very 
near the band gap of the active material in the device. For example, for pure Ge devices 
the optimal thickness is 270 nm. As the band gap of the active layer material decreases 
the thickness must be increased such that for 10% Sn, GeSn alloys the optimal thickness 
is 410 nm. The effect of strain on the band gap should also be taken into consideration 
before doing this calculation so that the thickness of the oxide is optimally tuned for the 
real band gap of the material.  
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 After a suitable passivating and antireflective SiO2 layer is deposited the next step 
is the second lithography step which will define the metal contact regions on the wafer. 
For this procedure we keep a stock of AZ-5214 resist, which we use in image reversal 
mode, in the refrigerator of the clean room on a bottle labeled “Kouvetakis IRPR”. This 
must be restocked on occasion but it is important to only take about half a bottle’s worth 
at a time because the resist is best for processing when it is at room temperature, but 
needs to be stored at cooler temperatures for longer periods of time. When using the OAI 
at this step the contact vacuum mode is sufficient to attain the necessary feature 
resolution. If the EVG is to be used there are 2 recipies that are stored on the software for 
our purposes: “Jimmy_2nd_Photodiode” which is followed by “Jimmy_Flood”. This is 
because the processing of the AZ-5214 resist involves first a UV exposure with the 
metals mask followed by a flood exposure with no mask when using it in image reversal 
mode. The first exposure with the metals mask requires the processor to align the mask to 
the wafer before making contact between the mask and sample with exposure. It is 
critical this be done correctly because if the contacts are not placed properly then a short 
can be made and the devices will not work. It takes time an patience to do a good, proper 
alignment and experience is really the best teacher in this case. As a beginner it can take 
up to an hour or more to align a mask to 1 sample so it is important to keep this in 
consideration when scheduling time on these tools since they may not have time windows 
that are open for more than 2 hours. The lithography procedure is very similar to that 
done with the AZ-3312 resist, and as such it too is designed to promote good adhesion of 
the photoresist to the wafer so that it does not delaminate during subsequent exposure to 
HF: 
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Rinse with solvents and dry with N2 
Dehydrate bake on a hot plate at 150C for 1 min 30 sec.  
Tape the sample to a quarter piece of blue processing tape 
Spin HMDS at 500 rpm, 2 sec ramp, 5 sec spin; 4000 rpm, 5 sec ramp, 30 sec spin  
Bake at 150C for 2 mins 
Spin AZ-5214 resist under the same conditions as the HMDS 
Bake at 95C for 90 sec 
Expose to 50 mJ/cm2 UV light on the OAI or EVG 
Post-exposure bake 115C for 60 sec 
Flood expose to 200 mJ/cm2 on the OAI or EVG 
Develop in AZ-300 MIF developer for 55 sec 
Rinse thoroughly with DI water and dry with N2 
Inspect the wafer in an optical microscope for quality 
If quality inspection is passed, hard bake at 115C for 60 sec 
 If the lithography was done properly, under the optical microscope there should 
be ring patters of SiO2 in the photoresist that sit inside and just outside of the circular 
semiconductor mesas. This oxide will need to be removed to make way for the metals 
that will be deposited on the areas the oxide currently covers. This etch process is in 
principle identical to that described previously for the first oxide etch, with the exception 
being that in this case it has been found that it is safe to assume a 1.5-1.75 nm/sec etch 
rate. In fact, assuming this rate for this oxide etch step has been found to produce devices 
that possess significantly lower dark currents (about an order of magnitude lower). This 
has been found to be the case when processing parallel 12% Sn, GeSn devices using the 
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1.1 nm/sec vs the 1.5-1.75 nm/sec rates. A plausible explanation as to why this higher 
etch rate is likely true is because at this step we are clearing out smaller feature sizes, and 
so the required etch time seems to be less than that required when we were clearing out 
the broader features between the mesas that takes place earlier in the processing. It is 
likely that etch times derived using this rate give better dark currents because the surface 
is not exposed to the HF for a longer period of time, minimizing possible damage and the 
expansion of surface etch-pit defects. As before, to perform the etch follow these steps: 
Rinse the sample with DI water 
Dip sample in 20:1 BOE solution for the required time, slightly agitating 
Dip sample in DI water and agitate mildly for a few seconds 
Thoroughly rinse with DI water and dry with N2 
Inspect sample with an optical microscope for quality 
 At this point the ring patterns should be the same color the sample surface was 
prior to processing under the microscope if the oxide has indeed been cleared out. Now 
the sample is ready for metals deposition. Two tools may be used for this process: an 
Edwards thermal evaporator (Edwards II) or a Lesker electron beam evaporator (Lesker 
3). It is recommended the processor use Edwards II even though it is not as modern as 
Lesker 3. The advantages of Edwards II however are that the sample can be processed 
faster and there is not as much competition for time on this tool (Lesker 3 can be booked 
for 3 weeks in advance at a time). Since switching to Edwards II as the standard metals 
tool, no devices have been produced using the Lesker 3 tool so I will devote my 
discussion of metals deposition entirely to the former tool. However, if the user desires to 
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dissertations written by Dr. Jay Mathews and Dr. Richard Beeler. Metals that may be 
deposited in Edwards II are: Au, Ag, Cr, Ge, and Ni. For the contacts on the devices 
discussed in this dissertation, the metals employed were 15-20 nm Cr followed by 100-
200 nm Au. The recommended metals thicknesses to aim for however are 20 nm Cr 
followed by 190 nm Au to ensure robust contacts that can withstand multiple experiments 
from the probe tips used for performing I-V and responsivity measurements on the probe 
station in the Goldwater lab, temperature dependent I-V measurements in the ERC probe 
station lab, and EL measurements. The cleanroom staff provide the Cr source for this tool 
so there is no need to order Cr rods. However it will be necessary to periodically order 
Au pellets for these depositions. Before using this tool be sure to thoroughly clean the 
walls with a vacuum to make sure no particles fly onto the sample when the chamber is 
pumped down to high vacuum. Ideally this system deposits metals at pressures below 
3x10-6 Torr. Check the Cr rod and make sure there is plenty of Cr left on it to deposit the 
metal that is required. One thing to keep in mind is that the green color on this rod is due 
to the native oxide. This is undesirable and needs to be burned off thoroughly before 
exposing the sample to the Cr. Position the tungsten boat containing the Au that will be 
deposited and remember what positions the Cr and Au are in. It is recommended to begin 
with the Cr in position for deposition with the shutter in the closed position to block any 
CrO from getting onto the sample. Load the samples into the chamber and begin pumping 
as soon as possible after the oxide etch is performed to make sure a native oxide is not 
formed on the exposed samples. To ensure this is the case it is good to do a quick oxide 
etch (~5 sec in BOE while following the oxide etch procedure described above) right 
before loading the sample into the metals tool after inspecting the main etch for 
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completeness. Allow the tool to pump down below 3x10-6 Torr before performing the 
deposition. It is possible to operate the tool at higher pressures (up to 1x10-5 Torr) if the 
diffusion pump and/or vacuum sealing is experiencing difficulties, however the user will 
have to be very cautious and monitor the deposition vigilantly in this case.  
When ready to begin metals deposition, first turn up the current on the Cr source 
slowly until a glow is seen in the chamber. As the deposition is proceeding, use the 
crystal rate monitor to keep track of the deposition rate and the total film thickness.  The 
pressure should rise significantly (~4-7x10-6 Torr) as the CrO is burned off. Once the 
pressure drops back to base (1-3x10-6 Torr), deposit at least an additional 5 nm Cr with 
the shutter closed at 0.1 nm/sec to ensure that all CrO is gone. Slowly adjust the current 
until the rate is a stable ~0.05 nm/sec and open the shutter to allow Cr to deposit on the 
sample. Allow this to continue until 15-20 nm Cr has been deposited. Slowly turn the 
current down and switch the source to the Au boat. Since Au does not form an oxide 
under ambient conditions, this metal may be deposited directly onto the sample once the 
rate is stabilized. Again, turn the current up slowly with the shutter closed until a glow is 
seen inside the chamber and the rate detector shows Au depositing on the walls. Adjust 
the current until the deposition rate is stable at ~0.1 nm/sec and open the shutter allowing 
the Au to deposit on the sample surface. When the deposition is done (100-200 nm) close 
the shutter and turn the current down slowly. Allow the tool to cool for at least 10 
minutes before venting the chamber to atmosphere.  
 After removing the samples from Edwards II, place them in an acetone bath for at 
least 5 minutes to begin to liftoff the photoresist that is on the sample. This process 
should selectively remove the remaining photoresist, leaving only the Cr/Au stacks 
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between widows of SiO2 that cover the entire sample. To expedite the time required to 
remove all of the photoresist, the sample may be sonicated for short bursts of 5-15 
seconds. Remove the samples from the acetone bath and rinse well with acetone and dry 
with N2. Finally, place the samples in one of the Tegal asher tools for 5-10 minutes. 
These tools ignite oxygen plasmas using RF radiation powers between 200-300 Watts at 
pressures between 300-400 mTorr which effectively removes all carbon-based 
contaminants from the chamber, including any residual photoresist on the sample surface. 
Once this is done the devices are completed and are ready for measurement.  
Waveguide Processing Procedure 
 In order to make waveguides that will be optically pumped for laser 
measurements, the initial processing follows the same protocols as those for the LEDs 
just described. To begin processing an optically pumped waveguide device, all of the 
same processes apply up to the point of depositing the passivation/antireflective SiO2 
coating. The one change in this case is to make the SiO2 thickness optimal for minimizing 
the reflectance to the energy of the pump laser photons instead of to the emission 
wavelength of the active material as was the case for the LEDs. After this is done the 
samples are removed from the cleanroom and polished in the TEM sample preparation 
room.  
 The waveguides are placed in groups across the wafer varying in size from 5-100 
um wide by 4 mm long. These are cut from the main wafer using the diamond saw in the 
TEM sample prep room. First use a diamond pen to cleave the wafers along columns of 
waveguides. Then glue the column strips face (surface)-down onto a glass slide using the 
sample prep wax and cut out each individual waveguide packet with the diamond saw 
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both parallel to the waveguides and perpendicular to the edges. Be sure that the wax 
covers the entire surface of the sample and that there are no air bubbles within the wax, 
otherwise particles from the saw water will find their way between the waveguides and 
these are extremely difficult to remove by standard sonication methods. Let the samples 
sit in acetone for at least 15 minutes. From this point on only grab the devices along the 
sides running parallel to the waveguides to avoid scratching the polished ends. 
 Next use the Allied Multi-Prep tool to polish the ends of the waveguides that are 
perpendicular to the devices. The aim here is to create a mirror-polished finish that will 
enable confinement of light in the device, a requirement if stimulated emission is to be 
achieved. Be sure to align the Allied Multi-Prep before proceeding to polish the ends. It 
is desired that the polish be perpendicular to the waveguides and if the turntable on the 
tool is not level it can lead to a polish that is not normal to the devices. There is a special 
sample holder (Allied High Tech Part No. 15-1010) in the TEM sample prep box that the 
samples are glued to and mounted onto the tool. As with mounting the sample to the glass 
slide, secure the sample on the holder face-down using the TEM sample prep wax that 
adequately covers the whole sample surface. The polish is achieved by applying diamond 
lapping paper to the waveguide edges normal to the devices. Begin with the 9 µm paper 
until it is clear under an optical microscope that the paper is grinding away a portion of 
the waveguides. Then move onto the 3 µm, 0.5 µm, and finish with the 0.1 µm. The 
typical setting used for this polished is a spin rate of 20 rmp on the table at a pressure of 
0.007 mm with the arm moving. As the sample is polished the stage position need to be 
continually adjusted manually so that the pressure constantly reads 0.007 mm. Typically 
this takes the form of allowing the reading to drop to 0.003 mm and then increasing the 
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pressure until it reads 0.010 mm, allowing the process to repeat until the polish for a 
particular grit of lapping paper is completed. Typically it takes about 30 minutes at each 
grit level once the waveguides have been reached. Once on the 0.1 µm paper, polish for 
an additional 30 minutes beyond the necessary 30 to ensure a good mirror-like surface. 
This must be done on both sides of the waveguide ends normal to the devices.  
 After polishing the waveguides are cleaned by dipping in acetone and sonicating. 
The technique that works best for eliminating particles between the waveguides is to grab 
the waveguide along the sides parallel to the devices and to dip the sample so that it is 
suspended in the acetone while the medium is under sonication. A few pulses that last for 
30 seconds has been found to be sufficient to clean almost all foreign gunk from between 
the devices introduced during handling in the TEM sample prep room.  
 At this point the waveguides are taken back into the cleanroom for metallization. 
There are stainless steel blocks that measure about 1/2-inch on all sides in the main 
lithography tool kit with a flat tail and a screw hole. These were fabricated in the machine 
shop at ASU and are the sample holders for the metal deposition. The samples are 
mounted to the holders using AZ-4330 photoresist. Apply high-temperature eutectic tape 
to anchor the sample such that ~1/4 of the waveguide length hangs off the end of the 
holder. The goal here is to deposit metals onto one of the polished ends of the 
waveguides so be sure the desired polished side is the one that is hanging off the end of 
the holder. Cover the top of the waveguide with the photoresist and bake the sample on 
the holder in a vacuum oven for ~60 minutes at 80-100C. Once this is done use the 
Edwards II tool described previously to deposit no more than 5 nm Cr at 0.5-0.6 A/sec 
followed by 100-150 nm Ag at 0.8 A/sec. Again, be sure to thoroughly burn off the 
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native CrO before deposition of the metal. Cr is deposited in this case to act as a whetting 
layer for the Ag deposition so that the Ag has good adhesion to the Si wafer and Ge-like 
alloys.   
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APPENDIX B 
OPERATION OF PHOTOLUMINESENCENT AND ELECTROLUMINESENT 
SYSTEMS 
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 This appendix describes the experimental procedure for acquiring PL and EL data 
with the liquid nitrogen (LN2) cooled InGaAs, thermoelectrically (TE) cooled InGaAs, 
and TE cooled PbS detectors. This appendix will also give details how to configure the 
apparatus to go between the two experimental techniques and detectors. Details on the 
parts and fundamental alignment of the system have been described in Appendix C of Dr. 
Jay Mathew’s dissertation and the reader is referred to that text for any details not 
disclosed here. The spectrometer used on this system has 2 gratings: a 600 grooves/mm 
blazed at 1000 nm and a 600 grooves/mm blazed at 2000 nm. These are referred to as 
grating #1 and #2, respectively. To switch the turret between these gratings go to Start > 
All Programs > Jobin Yvon > Utilities > USBSpectrometerControl. Click initialize. In the 
section “Wavelength Control” there is a box with a pull-down menu that specifies which 
grating is currently being used. Using this pull-down box automatically switches between 
the gratings. For the work presented in this dissertation grating #2 was predominantly 
used, since it has superior transmission characteristics for longer wavelengths relative to 
grating #1. 
PL Measurements 
 For PL measurements the wafer is prepared by using rubber cement to glue the 
sample to a glass slide. The glass slide is then inserted between a row of screws on the 
sample stage that allows the sample to remain fixed and upright for the duration of the 
experiment. This is an advance over using double sided tape, which loses its sticking 
ability over time and is sensitive to humidity. Under this arrangement an experiment can 
go for as long as the user desires without worrying about the sample shifting position. 
Once the sample is in place the rest of the apparatus can be prepared for measurement.  
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 Begin by slowly turning the current up on the power supply to the 980 nm laser 
until the current reads 0.68 A. At this current the output power of the continuous wave 
laser is ~400 mW. There is a photo-power meter that may be moved directly into the 
laser path that is calibrated to 1064 nm that will allow the user to verify the laser output 
power. If the PL data is to be taken with the liquid nitrogen cooled (LN2) InGaAs 
detector, set the optical chopper frequency to 191 Hz. If the data is being taken with the 
thermoelectrically cooled (TE) PbS detector the best frequency to use is 101 Hz. The best 
frequency to use for the TE InGaAs is 151 Hz. These frequencies are chosen to maximize 
the signal-to-noise ratio for each of these detectors based on their respective response 
times.  
While turning up the laser and optical chopper, if the LN2 InGaAs detector is 
being used to acquire the data it is a good idea to begin pouring liquid nitrogen into the 
Dewar jacket that surrounds this detector so that it is cooled down by the time data 
acquisition begins. It typically takes 10-15 minutes for the InGaAs photodiode to 
equilibrate with the LN2. Once the optical chopper is running it is safe to turn on the lock-
in amplifier. Open the FlourEssence software on the computer. This software controls the 
spectrometer during the experiment and records the intensity readout from the lock-in 
which is coupled to the photodetector. At this point all of the electronics are turned on 
and running. 
Continue to prepare for measurement by opening the front and back slits on the 
spectrometer to their widest positions to maximize the amount of light the system will 
collect. Open the beam path for the laser and use one of the IR cards in the lab to track 
where the beam is hitting the sample. Also use the card to check where the reflected 
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beam of the laser is going after it hits the sample surface. Be sure to wear the laser safety 
glasses provided when doing this. Ideally the reflected beam should not be going through 
the collection lens. If it is, the sample stage needs to be readjusted and aligned so that the 
beam does not go through the collection lens. If the reflected beam is going through the 
collection lens it will cause the detector to saturate when the laser passes through in 2nd 
order at 1960 nm. This will damage the detector over time if not remedied. Once it is 
confirmed that the laser reflection is not going through the collection lens, open the Real 
Time Control window in the software and set the wavelength to the approximate 
expected peak maximum for the sample. The sample stage has X and Y 
micromanipulator adjustments so that the PL signal readout on the lock-in can be 
maximized at the optimal wavelength. Optimizing the signal in this way is essentially 
fine-focusing the laser on the sample so that an optimal excitation is occurring. Table VII 
below lists good wavelengths to use as initial guesses for the peak maximum when 
aligning Ge1-ySny materials. For ternary Ge1-x-ySixSny alloys, subtract ~150 nm for every 
2% of Si incorporation at the same Sn content. Furthermore, for heavily doped n-type 
materials (n > 1019 cm-3), add ~1% Sn to the values listed in the table. Also, bear in mind 
the strain of the emitting layer. The strains of most samples in this dissertation tended to 
be residually compressive (0.1-0.4%), but with significant tensile strain, or higher 
compressive strains the emission will shift noticeably to lower and higher energies, 
respectively. 
TABLE VII: Peak wavelengths of Ge1-ySny materials 
Sn Content (y) Approximate Peak Position (nm) 
0.00 1580 
0.02 1725 
0.04 1850 
0.06 2000 
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0.08 2200 
0.10 2400 
0.12 2600 
 
A few notes to mention on the experimental technique. Using the lock-in 
amplifier to readout the signal from the photodetector enables a measurement with very 
little noise. The operating principle is that the lock-in amplifier uses Fourier analysis to 
pick out the component at its input that is of the same frequency as the reference provided 
by the optical chopper. This is why using the optical chopper is crucial: it creates a 
modulated laser pulse which translates to a modulating signal that is sent by the detector 
to the lock-in. Essentially the lock-in can be viewed as a very narrow band-pass filter. 
The measurement is initiated in the experiment menu. Set the initial and final 
wavelengths, and specify how many scans to perform. Be sure to set the integration time 
to at least 5 times the lock-in time constant. Typically a 3 second time constant is used so 
a 15 second integration time is necessary. Then click on the “Advanced” button and set 
the readout to µV and the gain to “none”. Then begin the measurement. 
To switch between detectors, turn off all detector electronics. Replace the plug to 
the appropriate power supply. The PS-1 power supply is used for the LN2 InGaAs, but 
both the TE InGaAs and PbS detectors use the PS/TC-1 supply. Connect the correct BNC 
cable for the detector being switched to at the A/I port at the front of the lock-in. There 
are 3 set screws equally distributed around the base of the detector/spectrometer 
interface. Unscrew these, cap the photodiode and insert the replacement detector as 
quickly, but also as gently, as possible to avoid getting dust in the spectrometer and to not 
disturb the overall system alignment. The TE detectors have another jacket they sit in so 
it is recommended to put this in first, followed by the detector. When switching on the TE 
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detector power supplies, set the temperature to +10oC at first so that a surge of current 
does not damage the device. Wait for the status LED to turn from red to green before 
increasing the current. Once the current gets to 0.6 A the TE detectors should be at -30oC 
and are ready to collect data. 
The final step when switching between detectors is to adjust the set screws and 
the focusing mirror to optimize the signal. Use the set screws initially to get the detector 
to sit soundly in the flange. Then adjust the X and Y mirror screws using an Allen 
wrench. These are diagonal to one another. The third screw that forms the corner between 
these two screws should never be adjusted.  
Assuming the system is in the EL configuration, to switch back to PL remove the 
L-beam (to be discussed in the next section) and replace the focusing lens, PL sample 
stage, and collection lens. Set the lock-in back to trigger on an external source. Insert a 
bulk Ge standard wafer and optimize the intensity in the LN2 InGaAs detector with the 
laser at 400 mW. A good intensity to achieve is anywhere between 20-30 mV at 1830 
nm. The specific alignment of these three components is discussed in Dr. Mathews’s 
dissertation. 
EL Measurements 
To switch the system over to perform EL measurements begin by carefully 
removing the PL sample holder stage, followed by the focusing and collection lenses. 
Mount the L-shaped optical bridge to the optical bench. Adjust it by hand until it looks 
visually aligned to send light straight into the focusing lens and subsequently into the 
spectrometer entrance slit. The L-piece has a removable collection lens at the end that 
points down at the sample. Unscrew the collection lens and replace it with a red LED. 
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This LED has been inserted into a screw mount the same size as the collection lens for 
this purpose. Run the white wires from the Keithley 2602A soucemeter to the pin-outs on 
the red LED. Be sure to bias the LED correctly. Failing to do so will result in a fried 
LED. To avoid this, make sure the positive terminal from the Keithley is connected to the 
longer pin-out wire on the LED while the negative terminal goes to the shorter wire. It is 
also a good idea to grab a 100 Ω resistor off the shelf and connect that in series with the 
LED to further protect it. Open the FlourEssence software on the PL computer and the 
TestScriptBuilder on the I-V computer. Do not put any long pass filters in the optical path 
and set the spectrometer to 1900 nm (this is the 3rd order transmission of red light). By 
this point the lock-in must be set to trigger on an internal reference signal since we will 
not be using a chopper to do this measurement. The default frequency is 50 Hz. This may 
be adjusted, but all experiments done in this dissertation used this default value. Also, the 
GBIP cable at the back of the I-V lock-in must be removed and connected to the PL lock-
in. This is so the TestScriptBuilder on the I-V computer can “talk” to the lock-in on the 
PL/EL system. Connect to the lock-in by clicking on the white drop-down arrow in the 
lower right hand corner of the TestScriptBuilder and select Instrument > Open. This 
opens a dialog box that should automatically find the GPIB address 26. Click “OK” to 
connect to the lock-in. Once this is completed a “>TSP” should show up in the dialog box 
below the program code window.  
To begin current pulses into the LED, 3 programs need to activated in succession. 
The first one initializes the communication pathway. Right click the file Initialize > Run 
> Run as TSP. Once this is done repeat this same procedure for the files “SetPulse”, and 
“PulseTrain”, in that order. The file “Set Pulse” allows the user to set the height of the 
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square current pulses. For alignment purposes 0.3 A through the red LED should be 
sufficient. Once signal is reaching the detector, continue to adjust the system until an 
optimal signal is obtained. The current pulses are killed by flipping a manual switch. If 
this is not done the current will continue to run in an infinite loop and the user will risk a 
serious shock. Because the computer that originally ran this program could no longer do 
so, the complete code to the test script programs to run the EL experiment are given here 
to avoid lengthy downtimes in the future: 
Initialize.tsp: 
1. smua.reset() 
2. smua.source.rangev=10 
3. smua.source.limitv=10 
4. smua.source.rangei=0.001 
5. smua.source.levelv=0 
6. smua.measure.rangev=10 
7. smua.measure.rangei=1 
8. smua.measure.nplc=0.01 
9. smua.measure.autozero=smua.AUTOZERO_ONCE 
10. smua.source.output=smua.OUTPUT_ON 
 
SetPulse.tsp: 
1. ConfigPulseIMeasureV(smua,0,1.6,6,0.01,0,1,nil,1) 
Order of parameters: output port, bias, level, limit, time on, time off, points, 
buffer, tag, sync_in, sync_out, sync_in_timeout, sync_in_abort 
 
Bias=bias level in amps (want this to be 0) 
Level=pulse level in amps (set to desired height) 
Limit=voltage limit in volts 
Time on=pulse width in seconds, make ½ the time of the full cycle 
Time off=pulse off time in seconds 
Points=number of pulse-measure cycles 
Buffer=reading buffer where pulse measurements are stored, if nil, when function 
is called then no measurement will take place  
Tag=numeric identifier assigned to defined pulse train 
Sync_in=digital I/O trigger input line (not programmed; all syncs not 
programmed) 
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This then makes a pulse from SMU-A with 0 A as the base level, 1.6 A as the 
pulse level, with a 6 V compliance, that is on for 0.01 sec, is off for 0 sec, taking 1 
data point, but is nil so no data is stored, tagging as “1” 
 
PulseTrain.tsp: 
1. digio.trigger[1].mode=digio.TRIG_RISINGA 
2. digio.trigger[1].clear() 
3. pulseon=0 
4. pulseon=digio.readbit(6) 
5. while (pulseon==1) do 
6.  pulsetrigger=digio.trigger[1].wait(5) 
7.  if (pulsetrigger==true) then 
8.   InitiatePulseTest(1) 
9.  end 
10.  digio.trigger[1].clear() 
11.  pulsetrigger=false 
12.  pulseon=digio.readbit(6) 
13. end 
14. smua.source.output=smua.OUTPUT_OFF 
 
 Once the system is aligned, perform an EL measurement by replacing the red 
LED with the collection lens. Then place a XY manipulator stage on a vertical jack and 
mount the sample on both of these. When aligning, initially adjust the sample by hand 
until a significant signal is obtained, then use the XY stage to fine tune the signal. The 
stage of the sample in the Z-direction is brought as close to the collection lens as 
possible. This is typically a few cm away from the lens.  
The contacts can be made to the sample using the optical microscope at the I-V 
computer. Be sure not to cover the active area window with one of the contacts and that it 
is forward biased relative to the Keithley terminals. This means that the positive terminal 
is connected to the p-layer contact of the device. Also, the protective 100 Ω resistor can 
be removed from the circuit at this time as well. In order to get the highest current density 
it is desirable to use the smallest devices. However, the smallest devices that practical 
contacts can be made to are the 300 µm window devices. Thus all the EL experiments 
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presented in this dissertation were performed on these devices. Set the current to flow 
through the sample at 0.5 A initially. This is found to be a safe current to start with and it 
tends to produce a strong enough signal to obtain a good alignment. 
The EL measurements proceed in the same fashion as PL measurements. The 
spectrometer scans over a wavelength range and the lock-in reads out the voltage from 
the photodiode. One thing to watch out for is arcing of the contacts. If the current gets too 
high, or if the contact is not very good, the contact will arc. This produces a spark that 
completely saturates the detector. Furthermore, when the probe tip is lifted off of the pad 
after this occurs a large chunk of the pad is often removed. This is because the arcing 
welds the tip and pad metals together. This ruins any opportunity to go back and re-
measure the device. Arcing issues typically start occurring around 1.0 A.    
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APPENDIX C 
OPERATION OF GOLDWATER AND ERC MICORPROBE STATIONS 
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 In the following Appendix the operation and configuration of the microprobe 
stations used to acquire current-voltage (I-V), electrical responsivity, and temperature-
dependent I-V (TI-V) data will be described. This will begin with a discussion of the 
Goldwater station that is used for I-V and responsivity measurements and conclude with 
the TI-V station in the ERC building. 
Goldwater System 
The probe station used to acquire all room temperature I-V measurements and 
responsivity absorption spectra presented in this dissertation were acquired on this 
system. A detailed description of this system has been provided in the Appendices of Dr. 
Jay Mathews and Dr. Richard Beeler’s dissertations. To take I-V measurements, open the 
LabView software tab in the lower left corner. The program that runs I-V measurements 
is called “IV Measurement.vi”. Connect the sample up to the Keithley sourcemeter 
through the BNC to Triaxial cable adapter box. Contacts are made by using the optical 
microscope and camera above the sample. This signal is sent to the computer allowing 
the user to make precision contacts to the device using the micromanipulators. The user 
then inputs the desired start voltage, stop voltage, and step size (typically 0.01 V). The 
compliance levels are typically set to 100 mA with a range of 5 V. The user then specifies 
the file directory and name. Taking a measurement with the box “Save data to file?” 
checked will automatically save the data under the name and directory in the “File Path” 
box. 
To perform a responsivity measurement 2 programs must be utilized. First a 
spectrum of the lamp power is acquired using the program “MC Spectrum 
Measurement.vi”. Then the measurement is taken on the program “Spectral Response 
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Measurement.vi”. The methods of calibrating the lamp power, aligning the sample, and 
doing the measurement have been discussed by Dr. Mathews and Dr. Beeler. The focus 
of this discussion will be about how to extend the measurement to acquire data beyond 
1800 nm.  
The photodiode that is used to calibrate the lamp power is a Ge device and so it 
cannot detect light longer than 1800 nm. This means that technically, the measurement is 
not possible for wavelengths longer than 1800 nm because the exact power of light 
hitting the sample is unknown and so the response cannot be converted to A/W. However 
an ad hoc approach has proven useful for extending the range to which these 
measurements can take place. First, a spectrum of the lamp power is acquired using a 
1400 nm long pass filter over the 1400-1800 nm range in the “MC Spectrum 
Measurement.vi” program, followed by a spectrum of the lamp power using the 980 nm 
long pass filter covering 1000-1800 nm. By assuming the emission from the lamp follows 
that of a blackbody, we can extrapolate an approximate correction function that adjusts 
the power to smoothly match the experimental power at 1800 nm and provides 
reasonable values of power out to 2300 nm.  
In order to perform this extrapolation, an Igor file named 
“EQELamp_Modeling.pxp” has been written. Load the lamp power files into the Igor 
program. To roughly correct for the spectrometer response, take the power at 1200 nm 
and divide by 0.846. This product corresponds to the factors introduced from the 
spectrometer response at that particular wavelength and the response of the SiO2 that 
encases the lamp filament across the whole wavelength range of interest (1 µm-3 µm). 
Next, fit the wave named “Lamp” (number of points = 261, 1000 nm to 2300 nm in 5 nm 
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steps) with the function “Blackbody” (parameters: Wavelength, Temperature) by varying 
the parameter Temperature until the value at 1200 nm corresponds to the calculated one 
from the previous step. Then multiply the whole function “Lamp” by 0.94 to roughly 
correct for the SiO2 response. Copy these calculated lamp powers from 1000 nm to 1800 
nm and paste it onto the table. Do the same for the powers covering 1400 nm to 1800 nm. 
These will be waves “Lamp<N>” and “Lamp<N+1>”. Next, update the wave named 
“Spec_Res” by entering into the command line: “Spec_Res” = (“Lamp<N>”)/(<Actual 
Power taken>). In the case of matching data taken with the 1400 nm long pass filter, 
enter: “Spec_Res_1400” = (“Lamp<N+1>”)/(<Actual Power>). These are in a graph with 
the function “FitSpec” (parameters: A, B, K, h, lam). Vary the parameters A, B, K, and h 
in “FitSpec” while holding lam = Wave1023 until the asymptotic behavior of FitSpec 
matches that of either Spec_Res or Spec_Res_1400, whichever one is of interest. Then 
enter: “FitSpec = 1/FitSpec”. This has just formed the correction function of the 
spectrometer and filter. Lastly enter: Lamp = Lamp×FitSpec. Use the values of Lamp 
beyond 1800 nm as the power values in a .txt file for the responsivity measurement, or 
save it in an Igor or excel file and use it later after the measurement is performed.  
After the sample has been aligned to perform the measurement, open the 
“Spectral Response Measurement.vi” program. In order to use the extended wavelength 
range, the number of steps taken in the scan must be set. The default number of 5 nm 
steps is 161, which is perfect for scans covering 1000 nm to 1800 nm. However, if a scan 
from 1400 nm to 2300 nm is desired, this value must be changed to 181. To do this, open 
the program but do not run the software. Go to Windows > Show Block Diagram. This 
takes the user into the program code itself. There is a for-loop box with a variable “N” 
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and the number 161 just to the left of it. Change the number to the necessary number of 
wavelength points needed to conduct the measurement.  
Finally, load the files that contain the wavelength and lamp power data to initiate 
the measurement. Due to the long time it takes to process the lamp power to build the file 
needed to do this measurement, dummy files exist under the folder “Jimmy” on the 
desktop that have the wavelengths for scans from 1000 nm to 1500 nm (101 points), 1000 
nm to 1900 nm (181 points), and from 1400 nm to 2300 nm (181 points) to get the 
measurement started right away while the actual lamp power that will be used to analyze 
the data is worked up as previously described. These dummy wavelength files are titled 
“Lamp_Spec_1015_Dummy.txt”, “Lamp_Spec_1019_Dummy.txt”, and 
“Lamp_Spec_1423_Dummy.txt”, respectively. After the data is taken, divide the 
photocurrent vector by the experimental and extrapolated lamp power to obtain the 
responsivity in A/W.   
ERC Temperature Dependent System 
The operation of the TI-V set-up is very similar to that of the Goldwater probe 
station. Begin by placing the wafer on the chuck and turn on vacuum, lamp, and 
temperature controller. The latter is located on the left of station. Use the 
micromanipulators to make contacts to the device. Use the microscope objective and TV 
screen to make precision contacts to the devices. Due to the software interface with this 
system, be sure to set up connections so that SMU 2 and 4 are connected to the device. 
Log into computer and connect to the 4155C source meter in ICV-Lite software. Once 
this is done, open the ICS-Lite software. The experiment file that is needed is under C-
drive > METRICS > ICS > projects > Jimmy > 0_3V_TdepIV. Interface with the 
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software so that the device under test (DUT) is a diode. The aim is to perform the scans 
so that the reverse bias current from 0-3 V is measured. So be sure to interface with the 
software so that the diode is reversed relative to the actual connections. Run a series of 
measurements from room temperature up to 75oC-80oC taking 5oC steps. Save the data in 
an excel file. 
The aim of the data analysis is to extract the activation energies of the devices. 
This is done by plotting the natural logarithm of the current at a fixed reverse bias voltage 
as a function of 1/kT. This is done for several reverse biases ranging from 0.1 V to 2.0 V. 
Fitting each of these contours with a straight line gives a slope that is equal to the 
activation energy. 
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APPENDIX D 
CATALOUGE OF GE-SN AND GE-SI-SN DEVICES 
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 This appendix gives a brief account of the devices fabricated following the 
protocols outlined in Appendix A of this dissertation. What follows is a list of all the 
devices fabricated during the formation of this dissertation. Each device listed will 
describe the architecture design of the sample, and note the regions of the sample with the 
devices that produced the results discussed in the previous chapters. A good convention 
for describing where a particular device is on the wafer is to use letter/number labels that 
occur on either side of the TLM pads. There are two rows of devices between sets of 
TLM pads and labels. In the rows right above the labels half the device sets between the 
large 3 mm devices will be covered while the devices in the rows directly below the 
labels are all uncovered. The labels occur directly below the sets of devices in the former 
case and between the sets of devices in the latter. For example, a 300 µm device that is in 
the row right above the label F05 is referred to as the F05 300 µm device. Following this 
convention the 300 µm device that is in the row above this example device and nearest 
neighbor to the right of the corresponding 3 mm device is referred to as the E05/E06 300 
µm device. 
Ge pin Diodes 
Ge_468_nip (A and B) (0% Sn, 0% Si): These devices consist of a 1400 nm thick n-Ge 
layer (n = 2.0×1019 cm-3) grown on a Si(100) wafer doped using P(GeH3)3, followed by a 
800 nm thick i-Ge layer, and capped with a 0.3% Sn p-GeSn layer that is 260 nm (p = 
5.3×1018 cm-3) and 125 nm (p = 1.1×1019 cm-3) thick for wafers A and B, respectively. 
The n and i-layers were grown in the GSME reactor while the p-layer is grown in the 3-
zone CVD. The best performing devices were from the E07 region on the A wafer and the 
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H07 region on the B wafer. These showed good I-V characteristics, absorption edges, and 
EL. In Chapter II this device is referred to as sample Ge. 
Ge_470_nip_B (0% Sn, 0% Si): This device consists of a 1400 nm thick n-Ge layer (n = 
1.9×1019 cm-3) grown on a Si(100) wafer doped using P(SiH3)3, followed by a 800 nm 
thick i-Ge layer, and capped with a 0.3% Sn p-GeSn layer that is 135 nm thick with p = 
5.2×1019 cm-3. The n and i-layers were grown in the GSME reactor while the p-layer is 
grown in the 3-zone CVD. The best performing devices were from the F04 and H09 
regions. These showed good I-V, absorption edges, and EL.  
Ge-Sn pin Diodes 
GeSnGe_PIN_13 (A and B) (2% Sn): These devices began with a 1065 nm thick n-Ge 
layer (n = 2.5×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. After this i-
GeSn layers containing 2% Sn were grown in the single-zone CVD on the A and B 
wafers to thicknesses of 530 nm for A and 375 nm for B. These were capped by 2% Sn p-
GeSn layers in the 3-zone CVD that are 150 nm thick (p = 1.2×1019 cm-3) for A and 180 
nm thick (p = 1.5×1019 cm-3) for B. The best performing devices from the A wafer were in 
region E4. These showed good I-V curves, absorption edges, and EL. In Chapter II the A 
wafer is referred to as GeSn2. Sample B was used as a control experiment to test the 
performance of Ni contacts on Ge-based materials to see if it would improve the 
performance of the devices that used the Cr/Au metals, which tend to give contact 
resistivities of 10-5-10-4 Ohm-cm2. There have been reports that a post metals deposition 
annealing of Ni contacts on n-Ge at 600oC improve the contact resistivity to 10-7 Ohm-
cm2. In this case it was found that the dark currents increased dramatically after the post 
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metal deposition anneal, from 8 mA/cm2 to 40 A/cm2, and so the process was not 
switched to Ni contacts.    
GeSnGe_PIN_9A (5.3% Sn): This device started with a 1400 nm thick n-Ge layer (n = 
2.8×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
5.3% Sn i-GeSn grown in the single-zone CVD to 440 nm. This was capped by a 4.1% 
Sn p-GeSn layer 150 nm thick (p = 7.9×1018 cm-3) grown in the 3-zone CVD. The best 
region was F05. These devices showed good I-V characteristics, absorption edges, and 
EL. In Chapter II this sample is referred to as GeSn5.   
GeSnGe_PIN_11 (7.0% Sn): This device started with a 1300 nm thick n-Ge layer (n = 
2.0×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
7.0% Sn i-GeSn grown in the single-zone CVD to 250 nm. This was capped by a 3.7% 
Sn p-GeSn layer 175 nm thick (p = 5.4×1019 cm-3) grown in the 3-zone CVD. The best 
region of this device is E05/E06 and showed good I-V characteristics and EL. It is likely 
that the i-layer of this sample is too thin to obtain a good responsivity absorption edge.  
GeSnGe_PIN_12 (7.0% Sn): This device started with a 1300 nm thick n-Ge layer (n = 
2.0×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
7.0% Sn i-GeSn grown in the single-zone CVD to 400 nm. This was capped by a 4.0% 
Sn p-GeSn layer 200 nm thick (p = 2.7×1019 cm-3) grown in the 3-zone CVD. The best 
region is D06/D07. These devices showed good I-V characteristics, absorption edges, and 
EL. In Chapter II this device is referred to as GeSn7. 
GeSnGe_60Ap (6.8% Sn): This device started with a 1640 nm thick n-Ge layer (n = 
1.8×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
6.8% Sn i-GeSn grown in the single-zone CVD to 675 nm. This was capped by a 6.6% 
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Sn p-GeSn layer 120 nm thick (p = 1.2×1019 cm-3) grown in the 3-zone CVD. The best 
region is E06/E07. The devices gave good I-V plots, absorption edges, and EL. In 
Chapter II this device is referred to as GeSn7-t. 
GeSnGe_61Bp (7.0% Sn): This device started with a 1220 nm thick i-Ge layer grown 
on a Si(100) wafer in the GSME reactor. After this the n-GeSn contact layer with ~6% Sn 
is grown 410 nm thick (n = 2.8×1019 cm-3) followed by the 560 nm thick 7.0% Sn i-GeSn 
layer in the single-zone CVD. This is capped by a 6.0% Sn p-GeSn layer that is 120 nm 
thick (p = 2.4×1019 cm-3) in the 3-zone CVD. The best region is G06/G07. These devices 
gave the very strong EL. This is the fully strain-relaxed GeSn device reported in Chapter 
II where it is referred to as GeSn7-h. 
GeSnGe_51Bp (8.6% Sn): This device started with a 1025 nm thick n-Ge layer (n = 
2.5×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
8.6% Sn i-GeSn grown in the single-zone CVD to 375 nm. This was capped by a 5.0% 
Sn p-GeSn layer 150 nm thick (p = 9.1×1018 cm-3) grown in the 3-zone CVD. The best 
devices are in the F05/F06 region. These devices produced good I-V data and EL. The i-
layer is likely too thin to get a good responsivity reading. In Chapter II this device is 
referred to as GeSn8. 
 GeSnGe_53Bp (8.6% Sn): This device started with a 1335 nm thick n-Ge layer (n = 
2.1×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
8.6% Sn i-GeSn grown in the single-zone CVD to 235 nm. This was capped by a 4.2% 
Sn p-GeSn layer 145 nm thick (p = 3.2×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in the D07/D08 region. These devices produced good I-V data and EL. 
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GeSnGe_54Bp (9.4% Sn): This device started with a 1335 nm thick n-Ge layer (n = 
2.3×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
9.4% Sn i-GeSn grown in the single-zone CVD to 300 nm. This was capped by a 2.8% 
Sn p-GeSn layer 115 nm thick (p = 2.8×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in the G06 region. These produced rectifying I-V plots and EL.  
GeSnGe_55Bp (9.5% Sn): This device started with a 1335 nm thick n-Ge layer (n = 
2.3×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
9.5% Sn i-GeSn grown in the single-zone CVD to 425 nm. This was capped by a 3.6% 
Sn p-GeSn layer 150 nm thick (p = 1.6×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in region H07/H08. These produced rectifying I-V plots. 
GeSnGe_56Ap (10.5% Sn): This device started with a 1400 nm thick n-Ge layer (n = 
2.5×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
10.5% Sn i-GeSn grown in the single-zone CVD to 430 nm. This was capped by a 4.4% 
Sn p-GeSn layer 135 nm thick (p = 1.6×1019 cm-3) grown in the 3-zone CVD. The best 
devices are from region F05. These produced rectifying I-V data and strong EL. In 
Chapter II this sample is referred to as GeSn10.  
GeSnGe_57Bp (11.1% Sn): This device started with a 1340 nm thick n-Ge layer (n = 
2.2×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
11.1% Sn i-GeSn grown in the single-zone CVD to 320 nm. This was capped by a 4.4% 
Sn p-GeSn layer 115 nm thick (p = 3.8×1019 cm-3) grown in the 3-zone CVD. The best 
devices are from region F04/F05. These showed rectifying IV properties and EL. 
GeSnGe_64Ap (11.1% Sn): This device started with a 740 nm thick n-Ge layer (n = 
1.8×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
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11.1% Sn i-GeSn grown in the single-zone CVD to 400 nm. This was capped by a 4.8% 
Sn p-GeSn layer 250 nm thick (p = 8.9×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in region E06/E07. These showed good I-V plots and EL was obtained. 
GeSnGe_66Bp (11.9% Sn): This device started with a 675 nm thick n-Ge layer (n = 
1.7×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
11.9% Sn i-GeSn grown in the single-zone CVD to 360 nm. This was capped by a 6.0% 
Sn p-GeSn layer 275 nm thick (p = 6.6×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in region F08/F09. These showed diode I-V plots and EL. 
  GeSnGe_68Bp (12.8% Sn): This device started with a 710 nm thick n-Ge layer (n = 
1.8×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
12.8% Sn i-GeSn grown in the single-zone CVD to 430 nm. This was capped by a 10.0% 
Sn p-GeSn layer 140 nm thick (p = 3.4×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in region E05/E06. These gave rectifying diode I-V curves and EL. 
GeSnGe_67Bp (13.7% Sn): This device started with a 710 nm thick n-Ge layer (n = 
1.8×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This was followed by the 
13.7% Sn i-GeSn grown in the single-zone CVD to 335 nm. This was capped by a 8.4% 
Sn p-GeSn layer 140 nm thick (p = 4.0×1019 cm-3) grown in the 3-zone CVD. The best 
devices are in region G08 and show good I-V characteristics. A very weak EL signal was 
seen in the InGaAs detector, but none in the PbS. This is likely because the peak emission 
wavelength from this device should be near 3000 nm. 
Ge-Sn pn Diodes 
GeSnGeN_20Ap: This device started with a 1285 nm thick i-Ge buffer layer on a 
Si(100) wafer in the GSME reactor. This was followed by a 6.9% Sn n-GeSn layer (n = 
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4.7×1019 cm-3) grown in the single-zone CVD to 560 nm. This was capped by a 5.1% Sn 
p-GeSn layer 130 nm thick (p = 6.0×1019 cm-3) grown in the 3-zone CVD. This device 
did not produce the desired tunnel current properties or EL. 
GeSnGeN_21Ap: This device started with a 975 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 9.9% Sn n-GeSn layer (n = 3.3×1019 
cm-3) grown in the single-zone CVD to 360 nm. This was capped by a 8.5% Sn p-GeSn 
layer 165 nm thick (p = 8.0×1019 cm-3) grown in the 3-zone CVD. This device did not 
produce the desired tunnel current properties or EL. 
GeSnGeN_21Bp: This device started with a 920 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 10.5% Sn n-GeSn layer (n = 1.8×1019 
cm-3) grown in the single-zone CVD to 360 nm. This was capped by a 8.5% Sn p-GeSn 
layer 125 nm thick (p = 1.0×1019 cm-3) grown in the 3-zone CVD. The best devices are in 
region E08. This device showed tunnel I-V properties and EL from both the n and p-
layers. In Chapter IV this sample is referred to as Sample C.  
GeSnGeN_22Bp: This device started with a 875 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 9.3% Sn n-GeSn layer (n = 4.8×1018 
cm-3) grown in the single-zone CVD to 525 nm. This was capped by a 8.6% Sn p-GeSn 
layer 300 nm thick (p = 2.4×1019 cm-3) grown in the 3-zone CVD. The best devices are in 
region F06/F07. This device showed tunnel I-V properties and very intense EL from the 
n-layer. In Chapter IV this sample is referred to as Sample D. 
GeSnGeN_23Bp: This device started with a 780 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 11.2% Sn n-GeSn layer (n = 2.7×1019 
cm-3) grown in the single-zone CVD to 325 nm. This was capped by a 10.4% Sn p-GeSn 
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layer 150 nm thick (p = 3.1×1019 cm-3) grown in the 3-zone CVD. This device did not 
produce the desired tunnel current properties or EL. 
GeSnGeN_24Bp: This device started with a 1400 nm thick i-Ge buffer layer on a 
Si(100) wafer in the GSME reactor. This was followed by a 11.9% Sn n-GeSn layer (n = 
2.0×1019 cm-3) grown in the single-zone CVD to 480 nm. This was capped by a 11.9% Sn 
p-GeSn layer 120 nm thick (p = 1.8×1019 cm-3) grown in the 3-zone CVD. The best 
region is F06/F07. This device showed tunnel I-V properties and EL. 
GeSnGeN_27Ap: This device started with a 760 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 6.5% Sn n-GeSn layer (n = 1.3×1019 
cm-3) grown in the single-zone CVD to 450 nm. This was capped by a 3.5% Sn p-GeSn 
layer 100 nm thick (p = 1.2×1020 cm-3) grown in the 3-zone CVD. The best devices are in 
region F08/F09. These showed tunnel I-V properties and EL from the n-layer. In Chapter 
IV this device is referred to as Sample A. 
GeSnGeN_27Bp: This device started with a 750 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 7.0% Sn n-GeSn layer (n = 9.7×1018 
cm-3) grown in the single-zone CVD to 460 nm. This was capped by a 4.6% Sn p-GeSn 
layer 100 nm thick (p = 4.9×1019 cm-3) grown in the 3-zone CVD. The best devices are in 
region C06/C07. These showed tunnel I-V properties and EL from the n-layer. 
GeSnGeN_28Bp: This device started with a 740 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 12.3% Sn n-GeSn layer (n = 5.3×1018 
cm-3) grown in the single-zone CVD to 535 nm. This was capped by a 8.5% Sn p-GeSn 
layer 100 nm thick (p = 6.3×1019 cm-3) grown in the 3-zone CVD. The best devices are in 
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region G05. These showed tunnel I-V properties and EL from the n-layer. In Chapter IV 
this device is referred to as Sample B. 
Ge-Si-Sn pin Diodes 
Ge495_SiSnp: This device started with a 1425 nm thick n-Ge layer (n = 2.0×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 850 nm thick, 3.3% 
Sn, 2.3% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 200 
nm p-Ge:Sn layer (p = 6.6×1019 cm-3) in the 3-zone CVD. The best devices are in region 
D08/D09. These showed good absorption responsivities and EL. The dark currents 
showed much higher than expected levels at -1V for this composition. This has been 
attributed to growing the i-layer in the GSME directly on the Ge-buffer. Most other 
devices with i-layers grown in the GSME showed the same issue with their reverse bias 
dark currents.  
Ge496_SiSnp: This device started with a 975 nm thick n-Ge layer (n = 2.0×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 800 nm thick, 3.9% 
Sn, 1.8% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 100 
nm p-Ge:Sn layer (p = 1.5×1020 cm-3) in the 3-zone CVD. The best devices are in region 
F04/F05. These showed good absorption responsivities and EL. The dark currents 
showed much higher than expected levels at -1V for this composition. 
Ge497_SiSnp: This device started with a 970 nm thick n-Ge layer (n = 2.0×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 440 nm thick, 5.2% 
Sn, 2.4% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 100 
nm 1% Sn p-GeSn layer (p = 5.0×1019 cm-3) in the 3-zone CVD. The best devices are in 
region F04/F05. These showed good absorption responsivities and EL. This device was 
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the only one with an i-layer grown in the GSME that showed a reasonable reverse bias 
dark current level for its composition. 
Ge503_SiSnp (A and B): This device started with a 860 nm thick n-Ge layer (n = 
2.0×1019 cm-3) grown on a Si(100) wafer in the GSME reactor. This is followed by a 270 
nm thick, 7.7% Sn, 2.6% Si i-GeSiSn layer in the case of the A wafer and a 220 nm thick, 
8.0% Sn, 2.6% Si i-GeSiSn layer in the case of the B wafer grown in the single-zone 
CVD. These devices are completed by a 170 nm 3.9% Sn p-GeSn layer (p = 5.0×1019 cm-
3) for the A wafer and a 120 nm 3.5% Sn p-GeSn layer (p = 5.0×1019 cm-3) for the B 
wafer in the 3-zone CVD. The regions with the best devices are F06/F07 in the case of 
the A wafer and F05/F06 for the B wafer. Both wafers showed nearly identical rectifying 
I-V plots and EL. These are too thin to get a good responsivity signal.  
Ge511_SiSnp: This device started with a 980 nm thick n-Ge layer (n = 1.8×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 380 nm thick, 6.8% 
Sn, 3.0% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 150 
nm 7.0% Sn, 4.0% Si p-GeSiSn layer (p = 1.1×1019 cm-3) in the 3-zone CVD. The best 
devices are in region F06/F07. These showed good absorption responsivities and EL. The 
dark currents showed much higher than expected levels at -1V for this composition. 
Ge513_SiSnp: This device started with a 1040 nm thick n-Ge layer (n = 1.8×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 240 nm thick, 7.3% 
Sn, 2.7% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 100 
nm 7.0% Sn, 3.5% Si p-GeSiSn layer (p = 2.6×1019 cm-3) in the 3-zone CVD. The best 
devices are in region F06/F07. These showed good EL. The i-layer is too thin to obtain a 
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good absorption signal. The dark currents showed much higher than expected levels at -
1V for this composition. 
Ge516_SiSnp: This device started with a 1075 nm thick n-Ge layer (n = 1.9×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 575 nm thick, 5.9% 
Sn, 2.8% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 190 
nm 7.0% Sn, 8.0% Si p-GeSiSn layer (p = 8.7×1018 cm-3) in the 3-zone CVD. The best 
devices are in region G07/G08. These showed good EL. The dark currents showed much 
higher than expected levels at -1V for this composition. 
Ge519_SiSnp: This device started with a 880 nm thick n-Ge layer (n = 2.0×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 430 nm thick, 7.0% 
Sn, 2.3% Si i-GeSiSn layer also grown in the GSME. The device is completed by a 140 
nm 8.0% Sn, 7.8% Si p-GeSiSn layer (p = 1.7×1019 cm-3) in the 3-zone CVD. The best 
devices are in region D08/D09. These showed good EL. The dark currents showed much 
higher than expected levels at -1V for this composition. 
Ge524_SiSnBp: This device started with a 800 nm thick n-Ge layer (n = 2.0×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 280 nm thick, 9.5% 
Sn, 2.8% Si i-GeSiSn layer in the single-zone CVD. These devices are completed by a 85 
nm 7.0% Sn, 3.0% Si p-GeSiSn layer (p = 8.8×1019 cm-3) in the 3-zone CVD. The 
regions with the best devices are F07. This device showed good rectifying I-V properties, 
responsivity, and EL. 
Ge527_SiSnBp: This device started with a 900 nm thick n-Ge layer (n = 1.8×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 450 nm thick, 
11.1% Sn, 3.0% Si i-GeSiSn layer in the single-zone CVD. These devices are completed 
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by a 90 nm 6.0% Sn, 6.0% Si p-GeSiSn layer (p = 2.5×1019 cm-3) in the 3-zone CVD. 
The regions with the best devices are F07. This device showed good rectifying I-V 
properties, responsivity, and EL. 
Ge538_SiSnAp: This device started with a 1000 nm thick n-Ge layer (n = 2.1×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 340 nm thick, 9.3% 
Sn, 5.7% Si i-GeSiSn layer in the single-zone CVD. These devices are completed by a 90 
nm 6.5% Sn, 6.0% Si p-GeSiSn layer (p = 6.6×1019 cm-3) in the 3-zone CVD. The 
regions with the best devices are E05/E06. This device showed good rectifying I-V 
properties and EL. 
Ge540_SiSnAp: This device started with a 860 nm thick n-Ge layer (n = 1.7×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 315 nm thick, 9.5% 
Sn, 8.0% Si i-GeSiSn layer in the single-zone CVD. These devices are completed by a 
400 nm 3.0% Sn, 3.0% Si p-GeSiSn layer (p = 3.5×1020 cm-3) in the 3-zone CVD. The 
regions with the best devices are D06/D07. This device showed good rectifying I-V 
properties and EL. 
Ge541_SiSnBp: This device started with a 860 nm thick n-Ge layer (n = 1.7×1019 cm-3) 
grown on a Si(100) wafer in the GSME reactor. This is followed by a 320 nm thick, 
10.5% Sn, 8.5% Si i-GeSiSn layer in the single-zone CVD. These devices are completed 
by a 90 nm 8.5% Sn, 8.5% Si p-GeSiSn layer (p = 1.2×1019 cm-3) in the 3-zone CVD. 
The regions with the best devices are F07/F08. This device showed good rectifying I-V 
properties and EL. 
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Ge-Si-Sn pn Diodes 
At this point there have been no successful ternary pn junction diodes. This 
portion is meant to serve as a reference to show what has been tried and has produced 
devices that do not show tunnel I-V properties or EL. Other attempts to produce these 
devices have been to grow the n-GeSiSn material in the GSME directly on the i-Ge 
buffer. However there have been issues with doping the materials at the low growth 
temperatures used during first iteration experiments. The GSME method may still be a 
viable route, but growths will likely need to be conducted at 260oC or more to activate 
the dopant precursors.  
Ge551_SiSnp: This device started with a 1520 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 5.5% Sn, 5.5% Si n-GeSiSn layer 
grown in the single-zone CVD to 320 nm. This was capped by a 9.0% Sn, 5.0% Si p-
GeSiSn layer 105 nm thick grown in the 3-zone CVD. 
Ge555_SiSnAp: This device started with a 840 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 6.0% Sn, 4.5% Si n-GeSiSn layer 
grown in the single-zone CVD to 500 nm. This was capped by a 3.0% Sn, 4.0% Si p-
GeSiSn layer 175 nm thick grown in the 3-zone CVD. 
Ge567_SiSnBp: This device started with a 760 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 11.5% Sn, 5.0% Si n-GeSiSn layer 
grown in the single-zone CVD to 270 nm. This was capped by a 11.5% Sn, 5.5% Si p-
GeSiSn layer 80 nm thick grown in the 3-zone CVD. 
Ge568_SiSnAp: This device started with a 800 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 11.0% Sn, 5.0% Si n-GeSiSn layer 
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grown in the single-zone CVD to 380 nm. This was capped by a 12.0% Sn, 6.0% Si p-
GeSiSn layer 105 nm thick grown in the 3-zone CVD.  
Ge569_SiSnAp: This device started with a 750 nm thick i-Ge buffer layer on a Si(100) 
wafer in the GSME reactor. This was followed by a 10.5% Sn, 5.0% Si n-GeSiSn layer 
grown in the single-zone CVD to 500 nm. This was capped by a 7.0% Sn, 5.0% Si p-
GeSiSn layer 60 nm thick grown in the 3-zone CVD.   
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APPENDIX E 
FITTING AND MODELING PHOTOLUMINESENCE AND 
ELECTROLUMINESENCE DATA BY LINESHAPES 
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 In this Appendix the fitting procedures for extracting the direct and indirect band 
gaps from PL and EL experiments will be discussed. As an example each step of the 
process is shown from the PL spectra for a 4% Sn, GeSn sample that is grown on Ge-
buffered Si. After collecting and saving the data as discussed in Appendix B, the analysis 
of the data begins by correcting for the spectrometer and filter responses. To initiate this 
process, open the Igor file named “Background_correction.pxp” if the LN2 InGaAs 
detector was used to collect the data. If the TE InGaAs was used, open 
“MicroHR_calibration_USHIO_lamp.pxp”. If the PbS detector was used, open 
“PbS_lamp_calibration.pxp”. In the window “Sample_Ge391SiSn_A” there are lines of 
code that need to be executed to correct the data. If this window cannot be found go to 
Windows > Other Windows and find it in the list that appears on the right. In the other 
two programs the corresponding windows that will be needed are “Correction_function” 
for the TE InGaAs and “Notebook0” in the PbS detector’s program. There are lines of 
code in each of these windows that are executed to correct the PL/EL spectra.  
 Begin by loading the average of the intensity over all scans and the wavelength 
range the data was taken over. Plot the data along the y-axis and its wavelengths along 
the x-axis. In the case of our sample the PL intensity wave is named “PL_23A” and the 
wavelength wave is “Wave1323”. Adjust the code in the window 
“Sample_Ge391SiSn_A” so that it reads the following: 
PL_23A=PL_23A[p]*Correction(Wave1323[p]) 
PL_23A=PL_23A[p]/Transmission_1400new_comp_SS(Wave1323 [p]) 
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Depending on which filter was used, the second line of code will need to be adjusted. In 
this case the code is set for the data taken using the 1400 nm long pass filter. If the 1064 
nm long pass filter was used, this entry will need to be changed to read  
“Transmission_1064_SS”. Panels (a) and (b) in Figure 57 demonstrate how the execution 
of this code changes the spectrum.  
There are 2 features of this spectrum we want to subtract off. The laser 
contribution and the constant background which introduces artificial features in the 
spectrum after the code is run. To subtract off the laser, go to Analysis > Packages > 
Multipeak Fitting > Multipeak Fitting 2. Specify the y and x waves in the pop-up dialog 
box and click “Continue”. In the graph that appears on the left draw a box around the 
portion of the spectrum where the peaks are, right click, and in the options that show up 
select “Add or Edit Peaks”. Another graph will show up. In this new graph draw in the 
peaks you would like to assign, making sure to place a very narrow Gaussian over the 
laser signal at ~1960 nm. When this is done have the program fit the profile. If the fit 
returns a reasonable Gaussian peak for the laser subtract this off by running the final line 
of code in the “Sample_Ge391SiSn_A” window by adjusting the y-data wave name, the 
directory to the correct peak that describes the laser contribution, and the wavelength 
range. Lastly, make a wave called “Bkgd” with the same number of points as the PL data 
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Figure 57: Evolution of the PL/EL data processing. (a) Raw experimental data. (b) Data at 
an intermediate stage of correction. (c) Fully corrected spectrum. 
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wave by going to Data > Make Waves. In the window that opens enter “Bkgd” in one of 
the empty cells and make the number of rows equal to the number of required data points. 
The default is 128, but to match the number of points in PL_23A we need this value to be 
201. Then enter in the command: “SetScale/P x, 1300, 5, Bkgd”. This makes it so that the 
x-values for the wave Bkgd are automatically calculated by Igor (this is actually one of 
Igor’s most convenient and powerful features). In fact, this makes the x-values of the 
background wave identical to those we have been using for the PL data (Wave1323). To 
eliminate any artifacts introduced by the first iteration of code, pick out the baseline 
intensity reading that best matches the raw data if the sample did not emit any light. By 
inspecting the raw data of panel (a) in Figure 57 we can say in the case of our example 
sample that the background is about 5 µV. To calculate the background enter the 
command: “Bkgd=5*Correction(x)/Transmission_1400new_comp_SS(x)”. Then 
perform: “PL_23A=PL_23A-Bkgd”. After this the spectrum should appear as it does in 
the far right in panel (c) of Figure 57. At this point all corrections have been applied, and 
the laser and background have been subtracted off the spectrum. In the case of the other 
detectors, this same process is applied in the other programs. 
We are now ready to convert the data to the energy scale, and assign the E0 EMG 
and Eind Gauss signals. This can be done either in the modeling program, or there is a 
separate Igor program built just for conversion to the energy scale. Either one will 
contain the same window with the necessary code to perform the operation. Load in the 
corrected PL data on the wavelength scale along with the wave that contains the 
wavelengths of the scan. In the file “PL_Bkgrd.pxp” the window needed is “Notebook0”, 
in the case of the file “Direct_indirect_emission_fit.pxp” the code can be found in the 
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window “Sample_SnGe3_Ge290”. Input the wavelength wave name and the PL intensity 
wave name in the first two lines and specify a name for the output wave that will be the 
intensity along the energy scale. An example is: 
String /G nm_wave="Wave1323" 
String /G int_wave="PL_23A_Int" 
String /G energy_wave="PL_Energy_23A" 
 
In this case the output wave we will be interested in will be called “PL_Energy_23A”. 
Execute the next cluster of code directly beneath these first three lines. This essentially 
converts the wavelengths to energies and makes the intensity signal proportional to the 
number of photons emitted at a particular energy. The reason this must be done by code 
is because the experiment uses slits with fixed widths and a spectrometer with a fixed 
path length. This means that the equal Δλ steps that are taken during the experiment do 
not correspond to equal ΔE steps. To remedy this we say that the starting energy of the 
scan is the direct conversion of the longest wavelength in nm to energy in eV, and that 
equal energy steps are taken where the width of the step is centered about the average 
wavelength used during the run. To make this more concrete, in the case of our example 
the longest wavelength that the spectrum was measured at was 2300 nm. Thus if we make 
a vector of energies E(n), our 0th entry to this vector, E(0), will be E(0) = (1240 eV-
nm)/(2300 nm) = 0.53913 eV. In the case of photons we have: 
 
. (E.1) 
 
Differentiating this equation gives: 
 
, (E.2) 
 
E = h ⋅c
λ
dE = − h ⋅c
λ 2
dλ
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which for our practical purposes we can approximate to be: 
 
. (E.3) 
 
Applied to our example, Δλ = 5 nm and λavg = (1300+2300)/2 nm = 1800 nm. And so ΔE 
= -0.001914 eV. This means that each entry in our vector must satisfy E(n+1) – E(n) = 
0.001914 eV. Thus once we have our output wave it is good to record the starting energy	  
and the energy step values. For example, this will enable all future analysis to be done 
very quickly on our data by loading the intensity wave and applying the command: 
ΔE = − h ⋅c
λavg
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Figure 58: Converged line shape fit to the corrected spectrum plotted along the energy scale. 
The direct and indirect band gaps are fit by an EMG and Gaussian, respectively. 
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“SetScale/P x, 0.53913, 0.001914, PL_Energy_23A” without having to keep track of an 
extra wave that contains the x-axis energy information.	  	  
Once this is done we are ready to fit the spectrum with an EMG for the E0 and a 
Gaussian for the Eind. To do this, go to Analysis > Packages > Multipeak Fitting > 
Multipeak Fitting 2. Specify the intensity wave, however at this point the x-values should 
be simply calculated so click on this option under x-wave. Assign a Gaussian to the lower 
energy shoulder peak and an EMG to the main peak and use a constant background 
(typically very close to 0) to perform the fit. Figure 58 is an example of a converged fit 
following these protocols.  
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Figure 59: Converged fit of the spontaneous emission model to the shape of 
the direct gap EMG. 
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It is good to record the parameters of the peaks fit by these methods in case the 
fits need to be revisited in the future. Note the position of the Gaussian peak max of the 
Eind signal. In the program “Direct_indirect_emission_fit.pxp” find the window labeled 
“Indirect_gap_computation”. Part way down this window there are a few lines of code 
where the energy value of the peak location is entered followed by a location to input the 
sample strain as well. Running this code then produces the value of Eind.  
To extract E0, the rest of the code in the window “Sample_SnGe3_Ge290” can be 
used. This code produces a wave called “spontaneous_emission”. The goal here is to 
match the shapes of “spontaneous_emission” and the EMG we have just fit to the raw 
data. This is accomplished by adjusting the parameters of Si/Sn composition, number of 
photoexcited carriers, and the peak broadening. From the EMG fit we can obtain a good 
initial guess of the broadening. This can be found by clicking on the box labeled “Peak 
Results” once the converged fit is obtained. The broadening value will be very close to 
the Gauss FWHM value under the EMG results so it is good to use this as a first iteration. 
The other parameters in the model include sample thickness, doping level, temperature, 
strain, and the spectrometer resolution. Input the appropriate values for the sample 
thickness, doping, and strain. The values of temperature are almost always held fixed at 
315 K for PL measurements while for EL measurements it is appropriate to vary this 
slightly to check for consistency of the fit. The spectrometer resolution is never changed. 
Make a graph with the EMG plotted along one axis and spontaneous emission plotted 
opposite to the EMG. This normalizes the intensities, which is ok in this case because we 
are only interested in matching lineshapes. Adjust the parameters of composition, 
photoexcited carriers, and broadening until the two peaks agree as shown in Figure 59. 
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When agreement of this level is obtained, record the energy computed from the code. It is 
also a good idea to record the calculation parameters as well so that the entire fit can be 
revisited if the need arises.   
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